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Abstract
While plastic has become an almost irreplaceable material in modern life, continuous new evidence of its
adverse effects on human health and the environment is emerging. Currently there are limited options to
address the negative impacts of plastic production and disposal on the environment. Plastic production
and distribution creates greenhouse gas emissions. Additionally, limited end-of-life waste management
options for the growing plastic waste stream place a great burden on local communities and the
environment. Among the many products made of plastic, packaging is the largest and fastest-growing
sector. Plastic packaging that is multilayered and fused is very commonly used, yet currently there are
limited recycling or reuse options. Within this framework, many local and national governments around
the globe have implemented legislative tools as well as monetary tools to deal with some of the adverse
impacts of plastic on the environment. While fewer countries have standards in place on what type of
plastic packaging is acceptable, California might be the first to attempt to address this challenge.
California, being one of the largest consumers of plastic packaging globally, is facing challenges as well.
While California has been able, until recently, to export most of its plastic packaging waste to other
countries to manage, shifting global waste markets, coupled with rising amounts of plastic packaging
materials found in the waste stream, has made this difficult. Growing public concern about the handling
of plastic waste is challenging California legislators to come up with sound solutions. This paper (1) first
reviews the prevalence of different types of plastic packaging material in the California waste stream, (2)
analyzes the overall recyclability of the main plastic packaging materials found, (3) discusses whether, if
the general methodology proposed by CalRecycle (California Department of Resources Recycling
Recovery) were to be used in a Plastic Packing Policy Framework, it would indeed prioritize the
problematic and highly prevalent materials, (4) examines what policy options would be most effective
given the particular challenge with high-priority materials, and (5) summarizes results. The key findings
of the paper suggest that (A) a California Plastic Packaging Framework is necessary to help prioritize
materials with high prevalence, high rates of growth, and with no or limited recycling options, and (B)
mapping out the best policy options for challenging materials shows that a well-designed package of
policies, versus a piecemeal or one-sided solution such as only focusing on increasing recycling rates can
be very effective in addressing the long term challenges of plastic packaging.

Introduction
Since its invention in 1907, petrochemical plastic has become so deeply embedded in our lives and
economy that even with conscious effort, it is almost impossible to avoid. Without a doubt, plastic is a
low-cost material with incredible versatility (Andrady and Neal 2009; Brooks et al. 2018). Because of its
chemical properties, plastic makes for durable, lightweight, and malleable packaging. Within the plastics
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industry, plastic packaging is the largest sector, amounting to 40% of all plastic use. Everything from
foods to soap to just about any online purchase is packaged with plastic. Plastic packaging has versatile
use, extends shelf-life of perishables, provides diverse look and feel appeal for products, and allows for
lightweight transportation. Yet until recently, little thought has been given to what happens to this
packaging once used (and mostly used just once). The waste management industry, regulators, and
environmental working groups are now looking closely at the growing amount of plastic waste and its
environmental impacts (Babayemi et al. 2019; UNEP 2014; Palm et al. 2018; Raynaud 2014). The
increasing demand for plastic packaging worldwide, coupled with challenging end-of-life prospects, is a
growing concern for many communities globally. California, which just like many other states depends
on exporting plastic waste to other countries to be recycled, has been facing bans and/or restrictions on
plastics exports. Public concern about environmental and health impacts, combined with the growing
restrictions by developing countries on plastic imports, is forcing state regulators to address California’s
weak regulations on plastics (USCB 2019; CalRecycle 2014; Azoulay et al. 2019).
This paper will analyze the design of a comprehensive statewide policy framework for managing the most
challenging plastic packaging waste in California. It will evaluate what such a framework would include
in order to have measurable long-term impacts on the plastic packaging waste stream. To draw from the
best policy tools available, trends in existing international plastic packaging policies are investigated.
Additionally, current legislation in California is evaluated in order to understand how a framework might
provide complimentary benefits to existing legislative efforts across the state to better manage plastic
packaging.
It is hypothesized that the current management of plastic packing waste is not effective, and that recently
proposed California legislation is not adequate to address the end-of-life management of plastic
packaging waste. It is suggested that the current proposed legislation is a patchwork approach rather than
a comprehensive framework. Given the diverse range of plastic packaging materials, there is currently no
singular solution for this challenging waste stream.
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Plastic
The word plastic encompasses a family of synthetic materials. Plastic production begins at the oil
drill pad, the natural gas wellhead, or more recently, at the coal mine (Freinkel 2011; American
Chemistry Council 2019; PlasticsEurope 2015). The majority of plastic produced today is made from
oil, natural gas, coal, and a small portion from plants like corn and sugarcane. Plastic was originally
invented in the 1860s, but the synthetic plastics we use today were developed and perfected for industrial
use in the 1920s, and production exploded in the 1940s. Plastics increasingly replaced glass, metal and
paper. With an average growth of 8.7 % per year from the 1955 to 2012, the plastics industry has become
one of the fastest growing industries in the world (PlasticsEurope 2015). The global plastic production
increased by 20-fold in just 50 years, from 15 to 311 MT between 1964 and 2014 (Figure 1).

Figure 1. The global plastic production growth from 1964 to 2014 with measurements in megatons (MT). The data
only include virgin fossil-based feedstock for plastic and does not include bio-based or recycled plastic
(PlasticsEurope 2015).
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Plastic material is durable, strong, lightweight, inexpensive to produce, and has high thermal insulation
properties (Freinkel 2011). These characteristics allow plastic to be used for components in airplanes,
cars, electronic devices, medical devices, clothing, furniture, household goods, and packaging. The most
substantial use of plastic by far is in producing disposable items for packaging (Andrady and Neal 2009;
Geyer et al. 2017; Parker 2018). Globally, the trend of plastic packaging saw an overwhelming growth of
161 million tons in 2015 compared to near zero in 1950 (Figure 2). Unlike other plastic products used in
electronics, machinery and global transportation infrastructure such as planes and cars, which have useful
lives of 8 to 30 years, plastic packaging on average gets used for less than six months before it is
discarded.

Figure 2. Global trend of plastic production from 1950 to 2015 distributed among many industries which use plastics
in their product lines. Plastic product weight measured in MT (Parker 2018; Geyer et al. 2017).

Economically developed countries, such as the United States and European countries, have a massive
demand for plastic packaging (PlasticsEurope 2015; Gourmelon 2015 ). Plastic packaging in the United
States leads the global market demand for plastic at 40-45% of the total global plastic supply. In
comparison, sectors such as electronics only have a demand for plastic of 3-5% of the total global plastic
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supply. The growing demand for plastic packaging has not only created a strong industry of plastics
manufacturing but has contributed to end-of-life management challenges (Geyer et al 2017; Azoulay et at.
2019).

How Plastic Is Made
The name plastic comes from the Greek word “plastikos”, meaning “able to mold into different shapes”
(Goel 2017; Shah et al. 2007; Geyer et al. 2017). Plastic is a man-made material, mostly a byproduct of
oil refinement or the natural gas capturing process. When crude oil and natural gas are extracted from the
earth, they come with a mixture of other chemicals. By heating the oil or further refining natural gas,
these chemicals can be separated as liquids and used to make plastic resin or pellets, which can be
produced in various colors with help of additives (Figure 3).

Figure 3. White plastic resin or pellets used to manufacture plastic products (American Chemistry Council 2019).

These chemicals from oil, natural gas, or coal are used to produce plastic via the process of
polymerization, which entails bonding monomers into long chains of polymers (American Chemistry
Council 2019). Through chemical process, hydrocarbon molecules are encouraged to create chains
(polymers), which provide the basic plastic resin structure. Different combinations of monomers make
different types of plastic resins with specific properties and characteristics (Goodship 2007; Zalasiewicz
et al. 2016). For example, a typical plastic milk jug is a combination of the same monomers called
homopolymer such as high density polyethylene (HDPE). But laundry detergent bottles transporting
aggressive chemicals are made of copolymers, a type of chemical-resistant packaging. Unlike the
homopolymer example HDPE, where the polymer is made of only one type of monomer, copolymers are
long chains of hydrocarbons made with two kinds of monomers. The variability of plastic allows the
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material to be tailored to specific design and performance requirements. About 92% of plastics are made
of long chain polymers, also called thermostats, with the distinct characteristic of being meltable. The
meltability of plastic resins allows the material to be shaped and re-shaped for various purposes
Plastics widely used in packaging are polyethylene (low-density (LD), medium-density (MD), highdensity (HD)), poly-propylene (PP), polystyrene (PS), polyvinyl chloride (PVC), polyurethane (PUR),
polyethylene terephthalate (PET), polybutylene terephthalate (PBT), and nylons (Shah et al. 2008;
Zalasiewicz et al. 2016) (Figure 4). HDPE has properties including hardness, resistance to moisture and
other chemicals, flexibility, and is relatively inexpensive to make. These properties lend themselves to
food packaging material and other general packaging materials. Polystyrene is also commonly used for
food packaging due to its lightness and being a good insulator.
Table 1. Commonly used thermostatic plastics (Zalasiewicz et al. 2016).
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The chemical process of combining monomers into various types of polymers is energy-intensive and,
depending on the specific process, can also be water-intensive (Shah et al. 2008; Agarski 2019).
Additionally, virgin plastic resins may not have all of the desired properties for a commercial application
or product. By including various chemical additives, the physical, chemical or mechanical properties of
polymers can be further altered and reshaped (American Chemistry Council 2019; Hahladakis et al.
2018). For instance, in food packaging, additives with ultraviolet absorbing capabilities help the plastic to
not degrade when exposed to light, heat or bacteria. For other packaging purposes, antioxidant additives
are used to create weather-resistant plastic. Colorant additives are used to give plastic products certain
appearances. As a result, each plastic product make-up is different and has a different composition.

Plastic Types and Numbers
At the bottom of most plastic materials, a small number from 1-7 inside a three-arrow triangle indicates to
manufacturers and recyclers the type of molecules the product is made of (Table 2). These numbers allow
for a uniform way to classify the different types of plastics (CalRecycle 2015; Gibbens 2019). While
plastics numbered 1 through 6 have a clear definition on their type of plastic, number 7 functions as a
catch-all of plastic products with newer plastic types or mixed plastics products. The number on the
plastic product is used by the plastics industry to indicate the general type of chemical compound used to
make the product (American Chemistry Council 2019) (Table 2). These codes where adopted by the
Society of the Plastics Industry (SPI) in 1988 to provide an industry-wide standard that would make it
easier to identify and sort recyclable plastic. The six common types of plastic (or resin) used to make
packaging and other products are PET or PETE (labeled as #1), HDPE (#2), V or PVC (#3), LDPE (#4),
PP (#5), and PS (#6). All other resins are often marked as #7 (CalRecyle 2009).
Table 2. Plastic code by number, name and use (CalRecycle 2018).

PET or PETE (polyethylene terephthalate); #1
Most commonly recycled plastic, is used to make two-liter soda bottles and plastic liquor bottles. Recycled into
many products such as bottles for cleaning products and non-food items, egg cartons, and fibers (carpet, tshirts, fleece, etc.).
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HDPE (high density polyethylene); #2
Also a commonly recycled plastic, used to make milk and juice bottles. Recycled into many products such as
lumber substitutes, base cups for soft drink bottles, flowerpots, toys, pails and drums, traffic barrier cones,
bottle carriers, and trashcans.

V or PVC (polyvinyl chloride); #3
Used to make flooring, shower curtains, house siding, garden hoses, and many other products. Not commonly
recycled.

LDPE (low density polyethylene); #4
Used to make cellophane wrap, disposable diaper liners and squeeze bottles. Not commonly recycled.

PP (polypropylene) #5
Used to make packaging pipes, tubes, long underwear. Not commonly recycled.

PS (polystyrene) #6
You may know this as "Styrofoam." Used to make coffee cups, take-out food packaging, egg cartons, and
packaging "peanuts." Recycled in some areas and made into the same type of products, insulation, plastic
"wood," and hard plastic pens.

Other.
All other plastic resins or a mixture of resins.

Plastic Use
Today, plastic is used to manufacture and package many items, such as toys, furniture, lamps, shoes,
athletic goods, cars, planes, consumer electronics, clothing, and tobacco products (UNEP 2014; Geyer et
al. 2017) (Figure 4). Plastic is used both directly in products, such as toys, or used in packaging of the
products, such as soft drinks. It has become an important material in the supply chain of many industries,
such as food transportation, retail, restaurants, and the tobacco and medical industry. Perhaps
unsurprisingly, toys have the largest plastic content measured in tons per million dollars in revenue. Soft
drinks require almost equal amounts of plastic in the manufacturing and transporting of the beverage as
they do in bottling the drink. While food has no plastic in the product itself, it requires a considerable
amount of plastic to produce food. For instance, plastic mulch is used in crop production for weed
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suppression and to conserve water (Steinmetz et al. 2016). Plastic is also used to package and deliver
fruits, vegetables and processed food to its destination.

Figure 4. Plastic revenue characterized by plastic in supply chain, in product, and in packaging per sector
(tonnes per 1 million dollar (US) in revenue) (UNEP 2014).

Benefits of Plastic Material
Plastic has helped consumers purchase more goods, as it is a cheap replacement to more costly
input materials in manufacturing and packaging such as glass, paper or aluminum (Andrady and
Neil 2009; Freinkel 2011; Hahladakis et al. 2018;). The low-density plastic material, which is
used as replacement for metals and ceramics in aircrafts and cars, has also helped decrease fuel
use and emissions. In medical applications, plastic products such as tubing, blood pouches,
prostheses and disposable syringes have helped improve health care.
Plastic, being lightweight, also optimizes the product-to-package ratio, creating cost savings and
energy savings in transportation of goods (Andrady and Neal 2009; Hahladakis et al. 2018).
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There are many environmental benefits for having plastic as packaging material. Examples
include increasing the product shelf-life of food products, which leads to less volume of food
loss (Figure 5). For instance, vacuum packaging of meat products in oxygen barrier plastic film
extends the shelf life to 30 days, whereas without such packaging the meat products exposed to
oxygen would expire in four days. Biaxially oriented plastic film, which have molecular chain in
two directions, are tougher and more grease resistant (Ebnesajjad 2013). Biaxially oriented
polypropylene (BOPP) film is used a lot in food packaging. For instance, it gives snack and
bread products a moisture barrier so that their shelf life can be extended up to 11%.

Figure 5. Some examples of perishable goods and how plastic packaging provides protection from moisture and
oxygen, expanding shelf life by a certain amount of days (Denkstatt 2018).
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In addition to extending shelf life, plastic packaging offers product manufacturers packaging
flexibility. To differentiate their products, appeal to consumers and reduce costs, companies have
used different kinds of plastic, a large number moving from rigid to flexible packaging (Krivtsov
et al. 2004; Accorsi et al. 2015). However, with this wide and diverse usage of plastic, a large
and diverse volume of plastic waste is generated.
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Environmental Impacts of Plastic Production
Greenhouse Gas Emissions
Despite some of the environmental gains of plastic packaging such as food waste reduction and less fuel
usage for transportation, the combined environmental footprint, such as greenhouse gas (GHG) emissions
due to production and disposal of plastic products, is often not discussed nor reflected in the price of
plastic packaging (CIEl 2019; Wang et al. 2016; UNEP 2014; Azoulay et al. 2019). GHG emissions
are generated by plastics during extraction, production, transportation, recycling, and end-of life
(EoL) disposal. It is estimated that 4% of worldwide oil production is used as feedstock for plastic,
while another 4% is used to fuel the plastic manufacturing process (Thompson et al. 2009; Gyres Institute
2013; Geyer 2017). This is equivalent to the oil consumption of the global aviation sector (IEA 2014).
Carbon emissions are generated during the extraction and processing of raw materials to make plastic
feedstock. Plastics refining is also GHG intensive (CEIL 2019). For instance, in 2015, emissions from
manufacturing ethylene, the building block for polyethylene plastics, were equivalent to 184.3 to 213
million metric tons of carbon dioxide, which is estimated to be as much as the GHG emissions from 45
million passenger vehicles in one year. It is estimated that by 2050, with the predicted increase in
plastic production around the world, plastic production alone will contribute to 13% of the total
“carbon budget”, equivalent to running 615 coal-fired power plants.
Some studies highlight that the existing inefficiencies in producing plastics can be addressed so
that further CO 2 emissions during production can be avoided, perhaps up to 0.3 tons of CO2 for
each ton of plastics produced (Enkivist and Klevnas 2018). Other studies point out that by using
renewable energy inputs for plastics production, a great amount of CO 2 emissions can be
reduced, feasibly up to 1.4 tons per one ton of plastics produced (Funk et al. 2013; Posen et al.
2017). However, in both cases, the embedded CO 2 will not decrease as long as crude oil or
natural gas is used for plastic production.
Plastic has CO 2 emissions during its production phase, but also embedded carbon. On average,
each ton of plastic produced results in 2.5 tons of CO2 emissions during production alone.
(Enkvist and Klevnas 2018; Posen et al. 2017). Additionally, carbon embedded in the plastic
material adds another 2.6 tons of CO 2 (Enkvist and Klevans 2018). The embedded carbon in the
plastic product does represent a temporary carbon sink. At some point, the additional carbon
embedded in plastics packaging is released into the atmosphere. Yet, when plastic is landfilled,
the release of CO 2 is slow and can take over one hundred years to release it all.
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While carbon embedded in plastic in landfill is slowly released, another strong GHG escapes as
well. Landfills are a top source of methane emissions (Bogner & Matthews 2003). Methane in
the Earth’s atmosphere has a global warming potential (GWP) of 104 times greater than CO 2 in a
20-year time frame. While methane is not as persistent a gas as CO2 and tails off to about 100year time frame, it can warm the planet by 86 times as much as CO2 . Landfills are estimated to
release 12% of the world’s total methane gas. However, incineration or burning of plastic
releases the embedded CO 2 immediately (Posen et al. 2017).

Air, Land and Water Pollution
Air, land, and water pollutants are also produced during the manufacturing process of plastics (Thompson
et al. 2009; Gyres Institute 2013; Geyer 2017; UNEP 2014). To obtain the raw material for plastic via oil
and natural gas extraction, large amounts of water are hauled to inject into the oil or gas wells (Hayes
2016). A mixture of water, chemicals and sand is used during the process to crack open shell rock so that
oil and gas can flow out. Improper handling, spills, or leakage of wastewater during the production
process can enter drinking water sources. Plastic production also results in the release of air pollutants
such as benzene, 1,3 butadiene, styrene, and toluene (Walker et al. 2017; CEIL 2019). Many of these
hazardous air pollutants are difficult to detect as they are colorless and have mild or no odor.
Nevertheless, they are known to cause cancer and other harmful health and environmental effects (CEIL
2019; Ostro et al. 2015) (Figure 6). It is estimated that to date, about 19.2 million acres of land have been
cleared for oil and gas development in the United States (CEIL 2019). Assuming just a third of the
impacted land is forested, 1.686 billion metric tons of CO2 are released into the atmosphere as a result of
clearing.
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Figure 6. Pathways of direct and indirect exposure of humans to toxic chemicals and microplastics through
inhalation, ingestion, and direct skin contact, throughout the plastic lifecycle (Azoulary et al. 2019).

Microplastics
Very small pieces of plastics less than 5 mm in length are defined as microplastics. Microplastics can
enter the environment through many pathways. During manufacturing, plastic resins (or pellets) are
shown to enter the waste stream and the ocean in the form of microplastics (Hays and Shonkoff 2016;
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North and Halden 2013; Jambeck et al. 2015). Plastic pellets can escape into the environment during
every stage of their lifecycle, from production to transportation, and during final product
manufacturing (Figure 7). Due to having diameters no larger than 5 mm, microplastics can easily be
ingested by animals and sea life. They are often mistaken by marine animals for food, as they are similar
in size and shape to many fish eggs (Jambeck et al. 2015; Peng et al. 2019). The plastic pellets can absorb
toxins in the environment and transfer them to the marine food web and harm wildlife and humans.

Figure 7. Food containers made of Styrofoam (Styrofoam is a tradename for polystyrene) and other foamed plastic
have been shown to have styrene, benzene, and potentially have adverse health impact on human health (UNEP
2015).
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A majority of plastic polymers made today will persist in the environment for centuries or millennia,
unless burned. Plastic breakdown depends on physical factors, such as the level of oxygen, ultraviolet
light exposure, and temperature. Even when a plastic material breaks down under the influence of
weather, it first breaks into smaller pieces of plastic debris, but the polymer itself will not fully degrade.
As a result, substantial amounts of plastic pieces and microplastics are accumulating in landfills and in
natural environments.
Daily, when the sun's ultraviolet rays strike discarded plastic objects such as plastic water bottles, bags or
straws, these objects break down into ever smaller fragments (Mason et al. 2019; Mason et al. 2016;
Vandenburg et al. 2007). These pieces sink into the sediments of lakes, streams, and oceans. Terrestrial
and aquatic life consume microplastic particles, and these fragments and the chemicals within them
accumulate in larger organisms and move up through the food chain to humans.
In addition, emerging but still prelimary evidence and research indicate that microplastics may
indirectly impact the ocean’s ability to sequester CO 2 (Setala et al. 2014; CIED 2019; Zhang et al.
2017). Microplastics are being ingested by biota in oceans. Phytoplankton, whose photosynthesis absorbs
CO2, can have up to 45% less photosynthetic activity due to the exposure to certain level of microplastics
toxicity (Sjollema et al. 2015). Microplastics further interrupt the oceanic carbon sink process by
disturbing zooplankton lifecycle. Zooplankton are instrumental in taking the carbon fixed by
phytoplankton and transporting it to the deep ocean in the form of fecal pellets. The increased presence of
microplastics in oceans has led to zooplankton mistakenly eating microplastics as food (Setala et al.
2014). This interrupts the healthy life cycle of zooplankton and diminishes their contribution to the
oceans’ carbon sink potential. Additionally, evidence is emerging that the most commonly used plastics
produce two GHG, methane and ethylene, when exposed to sunlight (Royer et al. 2018). Polyethylene
(PET), which is the most produced and discarded synthetic polymer globally, is the most prolific emitter
of both greenhouse gases. This can potentially increase the total GHG emissions by littered plastic in
waterways and on land.
Chemical additives used in manufacturing various plastics also have harmful environmental and health
effects (North and Halden 2013). Chemical additives are added to plastic feedstock in order to enhance
the performance of the specific product, such as adding strength or heat resistance. Most common
additives used in plastics production are plasticizers, flame retardants, antioxidants, acid scavengers, light
and heat stabilizers, lubricants, pigments, antistatic agents, slip compounds and thermal stabilizers
(Hahladakis et al. 2018). This particular group of chemicals has a long-term prevalence in the
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environment (Hahladakis et al. 2018; Walker et al. 2007). Additives include fillers, plasticizers,
stabilizers, flame retardants and colorings. Some of these substances are toxic, persistent in the
environment, and bioaccumulate up the food chain. When these substances leach out of plastic into the
environment, they negatively affect the health of humans, wildlife, and other living organisms.
Additives are of concern to human health (UNEP 2018; CEIL 2019). An example is the potential leaching
of bisphenol A from plastic containers into the food it holds, which some studies have shown to have
adverse health effects (Swan 2008). Another example is Di(2-ethylhexyl) phthalate (DEHP), which is the
plasticizer most frequently used in polyvinyl chloride (PVC). DEHP has been shown to readily leach out
of the plastic product into the environment (CEIL 2019). Foamed plastics, often referred to as Styrofoam,
are widely used to produce food containers and food to-go containers. Styrofoam, which is a trademark
for polystyrene plastic foam, is lightweight, rigid, and has good insulation properties (UNEP 2015). The
types of polystyrene foam used in coffee cups, meat trays, and soup and salad bowls contain substantial
styrene trimers (Ohyama et al. 2001). Styrene trimers are made of benzene. As styrene breaks down and
during photo-degradation, benzene in the plastic products can be released (Ohyama et al. 2001). Benzene
is a toxic and flammable liquid byproduct of coal and gas distillation and has been associated with a range
of acute and long-term adverse health effects (WHO 2019). Benzene is insoluble in water and has been
shown to act as endocrine disrupter and adversely impact human health (Ohyama et al. 2001; UNEP
2015).

Forecast of Expanding Plastics Production and the Environmental Impacts
The plastics industry is heavily reliant on oil and gas, with about 90% of plastic feedstock coming from
oil and gas (UNEP 2015; WEF 2016; PlasticsEurope 2008). As the global plastic demand is growing
at a fast pace, degradation of natural systems is predicted to increase. GHG emissions from
production, transportation and disposal of plastic will also increase. More microplastics will find
their way into oceans. It is very likely that a larger share of landfilling of plastic will be replaced by
incineration, adding to the cumulative CO2 emissions associated with plastics. Health impacts for
humans, wildlife and oceans will be further compromised. If plastics production grows and
continues at its current rate, it is predicted that the plastics industry’s share of global oil
consumption will increase from 6% in 2014 to 20% in 2050 (Figure 8). This scenario will also
increase the global carbon budget from 1% in 2014 to 15% in 2050. As plastics accumulate
further in the environment, it is predicted that the amount of plastics in the ocean by weight by
2050, will be more than the amount of fish by weight (Eriksen et al. 2014).
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Figure 8. Business-as-usual scenario for global plastic production using crude oil and natural gas, coupled with
forecasted plastic volume production will have adverse impact on environment and human health (WEF 2016).
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End-of-Life Waste Management for Plastic
After plastic materials have been used, people dump them into the environment, sometimes purposefully
and other times accidentally. By 2015, 381 million tons of plastics were globally produced, with
estimated 9% of it recycled, 12% incinerated, and 79% landfilled (Figure 9). Though industrial
production of plastic started much earlier, up to 1989 most plastic produced were discarded (Geyer et al.
2017).

Figure 9. Fate of all plastic waste ever generated worldwide up to 2015 (UNEP 2018; Geyer et al. 2017).

Starting in the 1980’s, recycling and incineration of plastic began. In 2015, it is estimated that about 55%
of global plastic waste was discarded, 25% incinerated, and 20 percent recycled. In the United States only
9% of the plastic in the market was recycled in 2012 (Gourmelon 2015). Only 9.1% of U.S. plastic waste
was recycled in 2015 (USEPA 2018). Due to changes in the world’s plastic and recycling market, it is
projected that only 4.4% of plastic waste was recycled in 2018, while 13.6% was combusted for energy,
and about 82% landfilled.
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Plastic mass-production has only been around for about 60 years, and due to its extreme durability, no
observation has yet been made of plastic polymers fully disintegrating in the environment (Swift and
Willes 2004; Hopewell et al. 2009; Hahladakis et al. 2018). The ideal waste management hierarchy would
support prevention and minimization, then reuse, recycling, and energy recovery, followed by landfill,
controlled deposit, and lastly, uncontrolled deposit (UNEP 2018) (Figure 10). However, the current “4R”
strategy often used in waste management of developed countries in order to decrease environmental
impact are reduce, reuse, recycle, and recover (Geyer 2017; PlasticsEurope 2008; Hopewell et al. 2009;
CalRecycle 2015). For instance, substituting heavy plastic material packaging for lighter, less dense
plastic material can help with reduction efforts.

Figure 10. Pyramid of plastic waste solutions for achieving highest health and environmental protection (UNEP
2015).
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Plastic End-of-Life Pathways
After the user phase of plastics packaging, the end-of-life phase starts. After plastic waste is collected, the
current options are recovery in the form of mechanical recycling or chemical recycling, incineration to
create electricity, incineration without energy capture, landfilling the waste, or allowing it to escape into
the environment and degrade uncontrolled (Hopewell et al. 2009) (Figure 11). Even with the best
available technological advances in waste sorting and resource recovery deployed in Europe and Japan, it
is still estimated that 50% of plastic waste produced in these countries are placed in landfills
(PlasticsEurope 2008; Hahladakis et al. 2018).

Figure 11. Life cycle of plastic material (excluding energy input and emissions), highlighting the
pathways for post-consumer usage (Hopewell et al. 2009).
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Plastic Recycling
Not every plastic is created equal. This makes recycling plastic materials complex and challenging (Geyer
2017). In general, recyclable plastics can be divided into two general categories: thermoplastics and
thermosets (CalRecycle 2014; UNEP 2018) (Figure 12). Thermoplastics have simple linked bonds, which
allows for the material to be melted and re-molded into new products and therefore recycled, while
thermoset plastics have bonds that will not allow re-molding into new material.

Figure 12. The two main categories of plastics are thermoplastics and thermosets with summary of properties
(UNEP 2019).

Recycling of plastic is very limited in the world, even though about 87% of plastic waste falls under the
1-6 recycling categories of plastic (Rahimi & Garcia 2017). According to the US Environmental
Protection Agency (EPA), about 9.1% of plastic waste produced in 2015 in the USA was recycled (EPA
2015). The plastic types with the highest recovery rate or recycling rate in the United States in 2012 was
polyethylene terephthalate (PET). PET had a 19.5% recycling rate in 2015 in the United States, while
high-density polyethylene (HDPE) was at 10%, and low-density polyethylene (LDPE) at 5% (EPA 2015)
(Figure 13).
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Table 3. Plastic Waste Recovery Rate in the United States in 2012 for Plastics Types 1 to 7, (Rahimi & Garcia
2017).

As mentioned earlier, recycling depends on the material and composition of the plastic. But recycling also
depends on economic factors. Plastic can provide substantial monetary savings depending on the cost of
virgin materials. Since the cost of virgin materials for plastics depends on crude oil prices which fluctuate
and have been relatively low in the past few decades, this has reduced the economic argument for
recycling plastics, even those that are easily recyclable (MacroTrends 2019). For industries that use
plastics, it is cheaper and safer (in terms of potential for compromised or contaminated recycled plastic
resin) to purchase virgin plastic resin when crude oil prices are low.
Packaging products are everywhere and tend to have a short one week up to six months use time,
especially in comparison to other plastic products used in cars, construction, or even toys (Ragaert et al.
2017; PlasticsEurope 2015). The five types of plastics most commonly used to produce plastic packaging
in European countries are HDPE (#2 or high-density polyethylene), LDPE (# 4 or low-density
polyethylene), PP (#5 or polypropylene), PET (# 1 or polyethylene terephthalate) and PS (#6 or
polystyrene) (Figure 13). Given that the United States shares similar economic activities and product
options, this paper will assume similar types of plastics dominate the US plastic packaging as in European
Countries. This allows the conclusion that for the most part, these same products also dominate the plastic
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waste stream in the United States. Understanding recycling options for these five plastic materials is
critical to designing a sustainable end-of-life management pathway and policy frameworks.

Figure13. Plastics demand per sector and per polymer type in European countries (Ragaret et al. 2017; PlasticsEurop
2015).

Recycling Challenges
What makes plastic such a flexible, strong, and lightweight material is that the chains of atoms that are
arranged in repeating units (polymers) are often much longer than what is typically found in nature
(Hopewell et al 2009; Ignatyev et al. 2014). The patterns and length of these polymers are what make
plastic so unique. To recycle plastic, it is necessary to know what the particular plastic material is and
how it is likely to behave. Each type of plastic has a different melting point and a different temperature at
which it will lose its physical integrity and fall apart (Goodship 2007). Recycling various plastic materials
together can lead to non-homogeneous combination of materials, which will produce plastic resin of less
valued with high impurities. The impurities found in mixed plastic reduce the strength and performance of
the material.
In order to process materials for recycling and retain the good properties of a new product, the key to
recycling plastic is to better sort rather than blend a number of various incompatible plastics. Sorting to
match identical plastic material allows for successful recycling of plastic. However, the architecture of
modern multilayer packaging materials, especially in the food and shipping packaging sector, make
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recycling of flexible plastic material very challenging (RSE 2016; Tullo 2017) (Figure 14 and 15). The
different types of plastics are not necessarily compatible with each other. These mixed materials cannot
be melted in the chemical recycling process without challenges. Also, the sorting of mixed plastic
material is another obstacle and expense for the waste sorting industry to overcome technically and
financially (Goodship 2007; Grigore 2017). As a result, recovery of mixed plastic packaging material is
technically and economically challenging.

Figure 14. Typical architecture of modern, flexible plastic packaging (RSE 2016).
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Figure 15. Plastic packaging multi layered and multi material frozen corn bag (RSE 2019).

Another challenge with recycling plastic material is that every time plastic goes through the recycling
process, the polymer chain gets shorter, decreasing the quality of the plastic material (Ignatyev et al.
2014; Goodship 2007) (Figure 16). Due to heat and mechanical actions such as grinding during recycling,
plastic degrades and the recycled plastic resin is no longer as high of quality as the virgin plastic resin.
Therefore, virgin plastic resins are often added to recycled plastic resins or materials in order to create
similar performance to virgin plastic material.

Figure 16. Plastic losses its quality every time it is recycled by shortening the chain length of
polymers (Sedaghat 2018).

Recycling Methods
Mechanical Recycling
The most common method for the recycling of plastics is mechanical recycling. Mechanical recycling
includes primary and secondary recycling and is one of the most successful types of recycling methods
(Ragaret et al. 2017; Goodship 2007). Streams of single, clean and homogenous recycling material are
technically and economically feasible and effective (Goodship 2007). However, mixed waste streams are
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technically and economically very challenging for the recycling industry (Ignatyev et al. 2014). The end
product of mixed plastic is of substantially lower quality, due to differences in melting and processing
temperatures and different plastics not being compatible with each other to form a unified polymer
structure. As a result, the majority of such mixed plastics products like chip bags, or small plastic items
such as plastic straws, have very limited to no recycling options.
In primary mechanical recycling, the plastic material is collected, selectively sorted, and rid of
contaminants (Ignatyev et al. 2014). This process includes collection, sorting, washing and grinding of the
plastic material. A majority of the time, manufacturers of certain plastic products conduct the mechanical
recycling, or plastic recycling businesses work very closely with manufacturers to get material of the
same quality back into their system. In-house plastic products recycling produces some of the highest
quality recycled plastic. Capturing and recycling waste produced during the manufacturing process of the
plastic through cutting and molding is an example of in-house reprocessing of plastics in primary
recycling (Goodship 2007). Recycled plastic resins are substituted for virgin plastic to a great extent to
produce the same or very similar products. However, primary mechanical recycling is only feasible for
some plastic types such as PET plastic bottles and automobile bumpers (Goodship 2007; Ignatyev et al.
2014). The reason PET lends itself to a closed loop recycling is because all PET bottles are made from
similar grades of PET plastic. In the primary mechanical process the discarded plastic material is
shredded or crushed, making the recycled material more homogeneous and easier to blend with additives
and new plastic resins to get a new recycled material.
Secondary recycling is used for plastic material when the exact content and purity of the material is
unknown (Goodship 2007; Ignatyev et al. 2014 ). Many kinds of plastic packaging can have a diversity of
plastic materials and additives. For instance, a juice bottle might have a different plastic body than its cap.
Often it is unclear how many times the material has been reprocessed previously. It is also unclear how
much the material has been damaged due to weathering. Unlike the primary mechanical recycling
process, the plastic is separated and then purified by washing (often an acidic wash). Unlike primary
mechanical recycling, secondary plastic recycling turns the material into something different than the
original product (Velis 2014) (Figure 17). A classic example is car tires. The majority of car tires do not
get recycled into new car tires but instead they are turned into other products made with rubber.
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Figure 17. Recycled polymers in China typically are turned into other plastic products (Velis 2014).

Chemical Recycling
While mechanical recycling of plastic does not change the basic structure of the material, chemical
recycling changes the polymer structure so that an entirely different plastic material can be produced
(Ignatyev et al. 2014; Ragaert et al 2017). By chemically recycling plastic material, plastic polymers are
turned back into individual monomers. This allows for the basic feedstock of plastic to be reused in a
variety of ways. Depolymerization of plastic, where the polymers’ bonds are broken to turn the material
back into a monomer state, allows different types of monomers, extra dyes, and additives to be filtered out
and collected separately (Goodship 2007; Ragaert et al. 2017). This process is also known as chemical
advanced recycling, an umbrella term for a number of different technologies.
Another form of chemical recycling, known as purification processing, is type of chemical recycling,
where the plastic is mixed with a specific solvent that will only react with a desired plastic polymer
(Ignatyev et al. 2014; Ragaert et al 2017). After separating the mixture, filtering, and purifying it, a pure
plastic is obtained. Unlike in mechanical processes, the plastic does not lose its mechanical properties and
resembles the virgin plastic well.
Gasification and pyrolysis treats plastic waste by heat in absence of oxygen and converts it into liquid and
gas fuels, such as tar oil or syngas, which are building blocks for new plastic polymers. One of the biggest
hurdles to gasification recycling is the large scale and investment. Also, the logistics of obtaining
continuous flow of large collections and transport of plastic recycling material is a challenge. In contrast,
pyrolysis can be built on a smaller scale, but it cannot handle all kinds of plastic materials, and requires a
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massive amount of water. Though there is current discussion of chemically recycling plastic to overcome
the massive contamination and mixed materials challenges, these processes are not yet fully developed
(Grigore 2017; Ignatyev et al. 2014). Currently there are very limited numbers of chemical recycling
options as this method of recycling requires a lot of investment. Additionally, the existing processes are
very limited in what type of plastic they can recycle.
As plastic packaging use increases and the push for more recycling of plastic material has taken a front
seat in the discussion of end-of-life waste management of plastics, it is important to review concerns with
end products of recycled plastics (Ellen MacArthur Foundation 2016). One such concern is that
reprocessed plastic (secondary recycling) and un-processed plastic (primary mechanical recycling) waste
show higher metal concentration than virgin plastics (Eriksen et al. 2018; Pivnenko and Astrup 2016;
Lahimer et al. 2013). Metal concentration of aluminum, lead, titanium, and zinc has been found in
recycled plastics. These metals are classified as persistent and bio-accumulative and often exist to
minimize deterioration of the product and its quality (Goldberg 2017). Some of these metal contaminants
may be a part of additives added to the plastic during production. Metal contamination in recycled plastics
makes recycled material potentially not applicable for certain products like drinking bottles, food
containers, or cosmetic and medical products. High concentrations of metals can also degrade the overall
quality of the plastics in various applications, regardless of any health or safety concerns.

Key Market Factors Impacting Recycling
The flow of plastic waste is mainly from western and northern countries to Asian countries, with most of
the waste, until recently, being shipped to China (Velis 2014). This export of used plastics to other
countries for recycling makes the recycling of plastics dependent on international recycling markets.
International recycling markets for plastics depends on a complex interplay of domestic solid waste
collection capabilities (formal and informal), reprocessing capabilities and needs, and export and transport
regulations and controls in place in various locations around the globe. Market demand and import
controls at the major destination countries such as China strongly impacts the recycling of plastics (UNEP
2014). Since a majority of plastics are exported or imported, global supply chain networks such as
transport logistics and costs like freight rates and customs fees have an impact on recycling costs as well.
As stated previously, the cost of virgin plastic resins is dependent on oil and natural gas prices. When the
price of virgin plastic resin decreases, it directly affects the prices and trade volume of recycled plastics
resins. These price fluctuations are not economically sustainable nor attractive for long-term and
expensive investment in plastic recycling facilities. A recent change in China’s acceptance of recycling
imports, also known as China’s Green Fence policy, dramatically impacted the recycling of plastic
material in the U.S. (CalRecycle 2015).
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Other Recycling Challenges
The majority of plastic recycling is outsourced to Asia, and until recently, mostly to China (Velis 2014).
Domestically recovered plastics can be either recycled or recovered as energy and data on their fate can
be obtained. However, no official data on what portion of the plastic waste stream was recycling back to
plastic or send for energy recovery in China is currently publicly available. China which has imported a
large portion of world’s plastic waste official policy is that imported waste plastics are only allowed to be
used for recycling purposes. Some recent studies tried to calculate what portion of imported plastics
actually gets reused (Velis 2014) (Figure 18). Enacted in 2008, China’s “National Sword Policy”, set
restrictions on plastic recycling imports to China. The large levels of soiled and contaminated plastic
waste was limiting the true recycling rate. While China has limited import of plastic recycling, other
Asian countries are filling the recycling market gap. It is uncertain what the actual recycling rate is once
items are imported to other countries and what their quality as recycled plastic. This makes it challenging
to truly follow the path of recycled waste.

Figure 18. USA export of plastic waste by destination countries from 2007- 2011 (Velis 2014).

With labor and technology-intensive sorting, plastic waste can be recycled. However, aging, additives,
contamination, mixing of different plastic types, and the relative low cost of virgin plastic resin compared
to recycled plastic resin have made the process of recycling less viable.
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With the plastics industry being very fragmented, it makes recycling items for the marketplace even
harder. The lack of standards and coordination across the supply chain has allowed the proliferation of all
kinds of plastic materials, formats, labeling, collection schemes, and sorting and reprocessing systems
(MacArthure 2016). All these together slow down any development of effective markets where products
can be easily captured and reused for product production. Innovation is also very fragmented
(Gunningham et al. 1998; European Commission 2018). The development and introduction of new
packaging materials and formats across global supply and distribution of plastic packaging is happening
more quickly than the end-of-life processing systems can keep up with Also, the design and innovation
side of plastic production is largely disconnected from the end-of-life challenges of the product. The
design and production of plastics does not take into consideration any after-use systems or options and the
needed infrastructure. At the same time, all across the globe, small-scale local initiatives are being
launched each year, focused on areas such as restricting use of certain plastics, or imposing taxes
(Gibbens 2019).

Plastic Incineration
Plastic is made from hydrocarbons, and just like oil, it is energy dense. Large waste-to-energy
incinerators can generate electricity in various ways (Breeze 2018; CEIL 2018). The most
popular way of incineration is to burn the waste and use the heat to raise steam and drive a steam
turbine. The waste can also be converted into combustible gas through gasification. Use of
incineration varies widely (CEIL 2018; Gupta and Bais 2016). In Europe, there are almost 500
incinerators, and 41.6% of plastic waste is being incinerated as of 2016. In 2016, China had 231
incinerators operating, and another 103 are being built or planned. In the United States, 12.5% of
municipal solid waste is incinerated. While many developed countries are not necessarily increasing
incinerators, in Asia, incineration facilities are predicted to increase by 7% by 2050.

Toxic Emissions From Incineration
Given the nature of toxins in the waste stream, any combustion exhaust gas needs to be cleaned through
gas cleaning systems (Breeze 2018; CEIL 2018). Incinerator emissions include toxic metals, fine particles
and more than 200 organic chemicals. A range of toxic emissions such as mercury, cadmium, thallium,
and dangerous organic molecules including dioxins and furans are often produced during the incineration
process (Figure 19). These toxins pose threats to human and environmental health. Workers and
communities near incinerators are directly and indirectly exposed to the toxic substances in the waste
being burned. The toxins can bioaccumulate through the food chain. Incineration of waste also produces a
large amount of ash; it is estimated that 30% of the weight of the original waste is collected as ash
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(Thompson and Anthony 2008). This byproduct includes fly ash, boiler ash, and wastewater treatment
sludge. Some of the toxins in the ash are very small and are easily dispersed by the wind, which is very
harmful to human health (CEIL 2018).

Figure 19. Toxic exposure from incineration due to various toxic byproducts interacting with the environment and
adversely impacting human health (CEIL 2019).

Some newer facilities of incinerators have air pollution control technologies such as electrostatic
precipitators, fabric filters, and scrubbers. However, fine and ultra-fine particles are hard to capture
through filtration and can have serious health consequences including mortality, due to cardiovascular or
respiratory diseases (Hoek et al. 2013; Ostro et al. 2015; CEIL 2019). The better the filter of the
incineration facility, the more the filter in capturing toxins in the waste stream, and therefore the more
likely the ash or wastewater sludge will be toxic and needs to be treated as toxic waste.
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Burning plastic for energy adds to greenhouse gas emissions. Given that plastics are created from fossil
fuels, they are not a renewable resource in the way that materials like cotton, paper, and wood are.
Incineration represents a net energy loss due to the fact that the amount of energy that can be gained by
incineration is less than the energy that can be saved through recycling (Rahimi & Garcia 2017).

Economic Feasibility of Incineration
Waste-to-energy plants are expensive to build and operate (Breeze 2018; Funk et al. 2013). They
are not necessarily economical, as they need a constant input of waste material in order to
provide a consistent outflow of energy. As a result, these facilities need to have a waste delivery
infrastructure put in place that creates a constant delivery of waste material. In addition,
incinerator facilities are economically competing with the cost of tipping fees at landfills. Only
when the cost to dispose waste in landfills is higher than burning it and/or the value of electricity
produced is high, can these plants compete and become financially viable.

Landfill of Plastic
Landfills in the United States are no longer open dumps, but rather highly engineered facilities to contain
waste (Abdal-Shafey et al. 2018) (Figure 20). The design and operation of landfills is regulated by the
Federal New Source Performance Standards of the Clean Air Act and other related state regulations.
Landfills are designed to separate waste from the environment and to capture wastewater and control to
certain level the gas emissions. Landfills have many layers to protect the groundwater and capture the
wastewater for treatment.
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Figure 20. A typical cross section layers of landfill in the United States (Abdel-Shafay et al. 2018).

Landfills are not designed to break down waste, but only to store it. In an oxygen-free environment, such
as inside a landfill, the waste does decompose but very slowly and it varies from item and composition of
waste material (Saunoise et al. 2016; Barlaz 2005). A plastic material will decompose at a different rate
than a piece of paper or a leather shoe. Conditions such as waste composition, pH, temperature, moisture,
level of available oxygen, and the bioavailability (the combination of living organism and natural fiber)
inside the landfill, greatly impact the rate of decomposition. Generally landfills have four gas production
phases with the third phase being the longest phase with the highest rate of methane gas production (EPA
1997) (Figure 21). As bacteria break down waste material in the landfill, they release various gases.
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Figure 21. Production phases of typical landfill gas measured percent by volume (EPA 1997).

By having various haulers with diverse range of collecting and sorting plastic material for recycling, it
makes collecting large volumes of quality recycling materials hard to accomplish. One might argue that
the lack of standards and coordination across the supply chain has allowed the proliferation of all kinds of
plastic materials, formats, labelling, collection schemes, and sorting and reprocessing systems
(MacArthure 2016). These differences in recycling programs slow down any development of an affective
market where products can easily be captured and reused for product manufacturing. Innovation is also
very fragmented (Gunningham et al. 1998; European Commission 2018). The development and
introduction of new packaging materials and formats across global supply is happening rapidly and
independently. Importantly, the design and innovation side of plastic production is largely disconnected
from the plastic’s eventual end-of-life challenges, after-use systems or the needed infrastructure. At the

43

same time, all across the globe, small-scale local initiatives are being launched each year, focused on
areas such as restricting use of certain plastics, or imposing taxes (Gibbens 2019).
The huge increase in the production of plastic packaging and lack of biodegradability of commercial
polymers, particularly commodity plastics used in packaging (e.g. fast food), has focused public attention
on a great environmental challenge and pollution problem that could persist for centuries. Within this
discussion, conversations about if and how to regulate the plastic packaging that continuously arrives
each minute on the market without proper end-of-life management have become commonplace.

General Discussion of Policy
Main Elements Of Environmental Legislation
Elements at the heart of environmental legislation are goals, objectives, principles, design principles, tools
and mechanisms, and governance and institutions (Folwer et al. 2017) (Table 4). These elements are
reflected in existing legislation around the globe. While goals guide the legislation, objectives are set with
the intent of having specific outcomes. Legislation is often guided by underlying principles such as
producers taking financial responsibility for the cost of their product’s waste, consumers being charged
based on what they throw away, or increasing the reusability of products. Once goals are set and
principles identified, the appropriate tools to achieve the goals and objectives are selected and introduced
in the proposed legislation. It is crucial to work within existing local or national institutional frameworks
and use the existing authority to govern and implement the environmental legislation in order for it to
succeed.
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Table 4. Main elements of environmental legislation to guide environmental policies (Folwer et al. 2017).
Elements Of
Environmental
Legislations
Goals
Objects
Principles
Design
Principles
Tools and
Mechanisms
Governance
and Institutions

Description
The foundational basis for law, often derived from societal goals, e.g. reduce plastic
packaging, increase recycling of plastic packaging, or better manage plastic packaging at
end-of-use
The aim or intended outcomes for the legislation
Can be a guide (e.g. how something happens) or an operating rule (e.g. something that
must be followed)
Act as a guide for developing the content of legislation or policy development. Examples
include extended producer responsibility, polluter pays principle, sustainable producer
responsibilities, or the circular economy model
Means used to achieve legislative goals and objectives such as: product bans, product
taxes, licenses and permits, product specific standards (e.g. standard for plastic contents,
recycled or recyclable materials), or performance standards (e.g. percentage of plastic
packaging recycled)
The institutional frameworks which manage and use authority to implement and govern
the system

Main Design Principles For Managing Plastic Waste
Objectives and goals common among existing legislation are the circular economy model, sustainable
materials management, extended producer responsibility (ERP), polluter pays, sustainable consumption
and production (SCP), smart regulations, precautionary principle, and prevention principle (Gunningham
1998; Sahukar et al. 2018; EC 2018; Ontario Ministry of the Environment and Climate Change 2017)
(Table 5).

Table 5. Common design principles for managing plastic waste (Gunningham 1998; Sahukar et al. 2018; EC 2018;
Ontario Ministry of the Environment and Climate Change 2017).
Design
Principle
Circular
Economy
Model
Sustainable
Materials
Management

Extended
Producer
Responsibility
(EPR)
Polluter Pays

Description
Reducing resources used by promoting better design, production, use, reuse and recycling
versus a linear economy, where goods are used and sent to waste
Prioritizing regulations according to the “5 Rs”: reduce, reuse, repair, recycle, recover:
Reduce – limit unnecessary materials in package design and avoid disposable design
Reuse – use the product again as it was originally designed for (e.g. a bottle of water
reused as a bottle of water)
Repair – design for repair rather than disposal at end of use
Recycle – convert to new plastic applications such as roads, carpets, or insulation
Recover – waste-to-energy generation
Producers of the product have responsibility for the treatment or disposal at the end-of
use. EPR provides a financial incentive for producers to design with waste reduction
and/or recyclability in mind.
Those who generate pollution and waste products to produce the material should pay for
handling and containing the waste
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Sustainable
Consumption
and
Production
(SCP)
Smart
Regulation

Minimizing the use of resources and toxic materials during production and distribution,
and reducing waste created during the product’s life cycle. Rather, moving towards nonpolluting, low-carbon, waste-free, resource-efficient, socially-inclusive and a circular
economy
Using a mix of policies to get the most efficient outcome; using a range of complimentary
tools and mechanisms (e.g. economic incentives like plastic bag fees or container deposit
schemes, restrictions on landfilling, and sending plastic packaging waste to other
destinations)

Worldwide Policy Trends
While plastic has allowed a lifestyle of convenience, it also poses risks to natural ecosystems and human
health (Jambeck et al. 2015; Ellen MacArthur 2019; Cohen 2017). Countries, cities, and global
institutions around the world have taken measures to curb plastic demand and attempt to address proper
plastic end-of-life management. Many of the international regulations concern plastic bags. Some of the
plastic bag regulations imposed by various countries include restrictions on manufacturing, distribution,
use, and taxation on retail distribution. In a recent study by the United Nations Environmental Programme
(UNEP), it was found that 83 countries have banned retail distribution of plastic bags, while 63 countries
have adopted import and manufacturing bans on plastic bags, including determining thickness and
material content of allowable material (UNEP 2015). Approximately 27 countries have imposed taxes on
the manufacturing of plastic bags, while 30 countries charge consumers a fee for plastic bag use at a
national level. For 43 countries, regulations on plastic bags go beyond restrictions on consumption, by
including elements of extended producer responsibility (EPR).
While a majority of countries (127 out of 192 countries) around the globe have some partial ban on plastic
bags, recently a smaller number of countries (27) have enacted regulations on other single use plastics
such as packaging, straws, cups, and plates (UNEP 2018). The items under single use plastic laws mostly
target items like cutlery, plates and cups, rigid plastic foam, take-out packaging, plastic straws, plastic
banners, plastic bottles and beverages, protective packaging for fragile items, and insulated food
packaging.
Plastic waste generation per person is on average 0.34 kg per person per day. Most Asian, African and
South American countries generate an average of 0.1 - 0.2 kg per person per day. The data highlights the
United States is a high plastic waste producer per capita, as well as Germany and a few other European
countries (Figure 22). Yet, the United States does not have any national regulations designed to reduce
plastic source or demand. While many cities and some states in the US have banned or imposed taxes on
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plastic bags, there is currently no plastic bag national policy to address the challenges of end-of-life
management.

Figure 22. Per person per day plastic waste generation around the world in 2010 (Jamebeck 2015; Our World In
Data 2019).

Some directives, such as recent legislation in France, have the objective to replace plastic material with
bio-degradable or compostable material (Table 6). Others countries, such as Taiwan, have systematically
phased in bans on the purchase and distribution of single use plastic items. Between the European Union,
Canada, and the United Kingdom, volunteer agreements such as the Charlevoix Blueprint for Healthy
Oceans, and Seas and Resilient Communities, have set large recycling goals, while in other countries,
tools such as higher taxes on single plastic packaging are put in place to create more of an incentive to
increase the recycling rate (Ettlinger 2017).
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Table 6. A list of major global regulations for single-use plastics and plastic packaging
Year

Law/Policy/Commitment

2020

Ban on plastic utensils, plates, and
cups

2019

Ban on plastic straws, bags, utensils,
tableware, beverage cups

2018

Charlevoix Blueprint for Healthy
Oceans, Seas and Resilient
Communities

2015

European Plastic Reduction Targets

2017

Ban on Styrofoam and plastic
products

2017 2018

Ban on all plastic or Styrofoam food
packaging items

2012

Ban on plastic bags, cups, plates, trays
and other food containers

2008

Ban on plastic bags and plastic
packaging

1994

Finland Deposit Refund System and
Packaging Tax

1993,
2007

Environmental tax on packaging and
beverage containers

Location/Description
France bans disposable plastic
items and mandates biosourced, home-compostable
materials in their place
Taiwan bans various plastic
items starting in 2019, 2020
and 2025 for various items
Canada, France, Germany, the
UK and the EU sign a
commitment to reduce plastic
debris

European Union Packaging
Waste Directive to use
economic instruments such as
pricing, taxes, levies to reduce
consumption of plastic bags
Marshall Islands bans the
import, manufacturing, and
sale of Styrofoam cups and
plates, and all disposable
plastic cups, plates and water
bottles
Antigua and Barbuda bans the
use and import of all
Styrofoam or plastic food
containers, cold beverage cups,
straws, and utensils
Haiti bans the import,
manufacturing, and sale of
certain plastic items
Rwanda makes it illegal and
punishable by jail to produce,
import, sell or use plastic bags
and packaging (with some
exceptions)
Finland implements beverage
container deposit and refund
system for containers such as
glass, PET plastic bottles
Belgium implements tax on
various packaging materials;
first a tax on all beverage
containers regardless of
reusability, and in 2004 higher
taxes on non-reusables

Goal(s)

Source

To reduce plastic items and
replace disposables with 60%
bio-sourced materials by 2025

Eastaugh 2016

To completely ban disposable
plastic items

Chow 2018

To recycle and reuse at least
55% of plastic packaging by
2030, to recover 100% of all
plastics produced by 2040, and
invest in technologies to remove
plastics and microplastics from
wastewater and sewage sludge.

Consilium Europe
2018

To reduce annual consumption
of plastic bags to 40 bags per
person by 2025, from the current
90 bags per person in 2019

European Directive
2015

To reduce plastic waste
production and disposal

Republic of
Marshall Islands
2016

To reduce plastic waste
production and disposal

Antiguanice 2017

To reduce plastic litter, keep
storm drains clear, and increase
biodegradable products
To limit littering, keep the
environment clean, and limit
clogging of waterways,
ultimately leading to fewer
diseases

Charles & Morgan
2012

Hardin 2018

To increase recycling of
beverage containers

Ettinger 2017

To reduce packaging waste and
encourage reuse (Card 2017)

Card 2017

Regulations and Initiatives Across the United States
The U.S. Food and Drug Administration (FDA) regulates packaging and labeling of food, drug, and
cosmetic packaging (FDA 2019). Packaging materials like plastics, coatings, papers, food colorants and
adhesives are regulated by FDA. In addition, the U.S. Environmental Protection Agency (EPA) requires
that antimicrobial technology be built into plastic used in food packaging to prevent the growth of
bacteria, mildew, fungi, and mold.
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The landscape of plastic regulations in the U.S. is complicated. While there is currently a
nation-wide ban on the use of microbeads (solid plastic particles 5 millimeters or less in
diameter), no other national ban or regulation on single-use plastics or plastic bags exists
(USFDA 2019). The 2015 Microbead-Free Waters Act prohibits manufacturing, packaging and
distribution of rinse-off cosmetics that contain microbeads.
Though there is no national regulation on single-use plastic or plastic packaging, various
jurisdictions across the United States have introduced and constituted bans or fees on different
types of plastics such as bags, carryout containers, Styrofoam (polystyrene), and plastic straws
(Gibbens 2019) (Figure 23). Recently, entire states also have restricted the use and sale of
plastic packaging or materials. For example, starting in 2021, the state of Maine will start
enforcing a statewide ban on disposable food service items made from Styrofoam (YanceyBragg 2019). The state of New Jersey introduced legislation to ban all plastic straws, bags and
Styrofoam starting in 2021. Concurrently, a growing number of states have enacted
restrictions on any future plastic bans (Gibbens 2019) (Figure 23).
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Figure 23. A map of jurisdictions across the United States with plastic bans and fees, and states with legislation
banning plastic (Gibbens 2019).

It is worth noting that states with statewide or local plastic bag bans are also home to plastic
manufacturing. A recent study highlighted that even states with high levels of plastic
manufacturing like California and Texas have enacted plastic bans (Li & Zhao 2017). The
research suggested that strong public interest in the environment can prevail over the interests
of existing industrial groups like plastic manufacturers.
As people in the US have become more concerned with plastic waste, many companies have
proactively sought out plastics alternatives. For some, the motivation is to be ahead of the
legislators and to direct the course of action, since limiting certain types of plastic can greatly
impact their supply chains (Li & Zhao 2017) (Table 7). For others, the motivation might be to
protect their brand by appealing to sustainable-minded consumers.
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Table 7. Volunteer programs to help eliminate plastic pollution by international companies and large organizations.
Name of
Imitative

Goals or
Targets of the
Imitative

Partner
Groups

How targets will be
reviewed/Time
frame

Comments

Source

New Plastics
Economy
Global
Commitment

Eliminate
unnecessary
plastic
packaging and
move from
single-use to
reusable
packaging;
innovate to
ensure 100% of
plastic
packaging can
be easily
reused,
recycled or
composted by
2025.
Additionally,
circulate
plastic
produced by
significantly
increasing the
amount of
plastic reused
or recycled

Over 250
organizations,
representing
20% of all
plastic
packaging
produced
globally,
including
Danone (food
products
corporation),
H&M Group,
PepsiCo,
Coca-Cola
Company,
Amcor (major
packaging
producer),
Nova Mont
(plastic
producer)

Every 18 months, the
targets of the
initiative will be
reviewed and
participating
businesses must
publish data on their
progress each year

Companies are
given flexibility
to prioritize
recycling
versus
reduction and
reuse of plastic
packaging

(Ellen
MacArthur
Foundation
2019)

Phase out
single-use
plastics and
redesign more
sustainably
sourced
products,
including more
items from
recycled
plastic

Over 10
companies
including HP,
Ikea, and
Pepsi

Target set for 2030

Flexibility in
the amount of
reclaimed
plastic to be
used for new
material, and
also heavily
focused on
recycling
versus concrete
goals to reduce
use of plastic
packaging

(NextWave
2019)

By 2020,
single-use plastic
bags and
polystyrene foam
items such as
cups, lids and
food containers
will be phased
out, and by 2020
70% of waste
will be
recyclable or
reused, rising to
90% by 2025

Sodexo,
Aramark and
Bon Appetit
Management
have similar
sustainability
measures

There is limited
information on how
progress is reported

Emphasis on
reusing material
in addition to
phasing out
certain plastic
packaging

(Sodexo
2019)

NextWave

Sodexo –
Food
Company
WasteLess
Campaign
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Carlsberg
Beer Plastic
Reduction

Replace
multipack
plastic rings
that hold beer
and other cans
together and
replace them
with recyclable
glue (that can
be recycled
along with the
can), and
reduce plastic
used in
traditional can
holders by
76%.

Carlsberg
Beer
Company

No specific target
date

Reducing
plastic versus
recycling it

(Carlsberg
2017)

Plastic Trends in the United States
The United States is currently the country with the largest plastic waste per capita in the world
(Carpenter 2019; EPA 2019; Velis 2014; UNEP 2015). Additionally, plastic waste generation is
growing by 3.4% annually in the United States (Carpenter 2019; UNEP 2015). While 9.1% of
U.S. plastic waste was recycled in 2015, due to changes in the world plastic recycling market, it
is estimated that only 4.4% of the plastic waste was recycled in 2018, while 13.6% was
combusted for energy and about 82% was landfilled (USEPA 2018).

California’s Existing Regulations for Plastic Packaging
Whether plastic packaging arrives via shipping or is produced in the state, all existing regulations in
California are generally concerned with keeping it out of the environment. The Beverage Container
Recycling Program established in 1986 helped increase the recycling rate for cans and plastic bottles to
73% by 2009 (CalRecycle 2018; Bereck 2003; Kuczenski and Roland 2012) (Table 8). In 2018, about
24.5 billion eligible containers with California Refund Value (CRV) were sold in California, but only
18.5 billion were recycled (Kuczenski and Roland 2012). The program is considered successful, yet it still
has room to improve and increase the recycling rate for beverage containers.
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Table 8. California regulations impacting plastic packaging (CalRecycle 2018; CalRecycle 2019)
Year

Law/Regulations

1986

Beverage Container
Recycling Program

1991

Description

Goal

Source

A deposit is paid to the distributor for
each beverage container purchased by a
retailer. The consumer pays the deposit
to the retailer when buying the beverage
container and receives a refund when the
empty container is returned to the
supermarket or other redemption center

To reduce litter and to
capture containers for
recycling

(CalRecycle
2018)

Rigid Plastic
Packaging Container
Law (RPPC)

Product manufacturers must comply
with one of the following options
when selling a rigid plastic container
of 8 or more ounces: At least 25%
postconsumer material, reduce weight
by 10%, ensure it is refilled at least
five times, or recycled at a 45%
recycling rate

To reduce plastic
disposal in landfill
and increase recycled
postconsumer plastic

(CalRecycle
2019)

2007

At Store Recycling
Program for Plastic
Bags

Participating stores are required to place
recycling bins in a readily accessible
locations for consumers, assure the
collected bags are recycled, and provide
reusable bags

To recycle plastic
bags, keep them out
of waterways and the
environment, and
provide educational
material

(CalRecycle
2018)

2008

Single Use Plastic
Bag Ban

Manufacturers and wholesalers of
plastic trash bags (above 0.70 mL
thickness) must comply with either:
10% postconsumer material by
weight, or 30% of the material by
weight is postconsumer material

To increase plastic
recycling and plastic
bag collection

CalRecycle
2019

2014

SB270 Reusable
Grocery Bag Law

Ban on single-use carryout plastic
grocery bags and creation of a
reusable grocery bag program

Reduce plastic bag
disposal

CalRecycle
2015

The Rigid Plastic Packaging Container Law enacted in 1991 was designed to help cut down on the
amount of plastic thrown into landfills (CalRecycle 2019) (Table 8). It addresses the definition of rigid
plastic and its various compositions. Under this law, an inflexible plastic packaging container that holds at
least 8 ounces of fluid must meet at least one requirement to be sold and distributed in the state. The
material must either be made from a minimum of 25% recycling material, be reusable, have a plastic
weight reduction of at least 10%, or have a 45% plastic recycling rate (proportional material recycled). A
certification process managed by California Department of Resources Recycling and Recovery
(CalRecycle) oversees manufacturer and distributor certification.
Between 2007 and 2014, California passed three different regulations to address the collection and
recycling of plastic bags and trash bags (CalRecycle 2018; CalRecycle 2019) (Table 8).
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Proposed legislation in 2019 targeted single-use plastics (Table 9). One specific proposition included a
target of 75% recyclability or composability of plastics and packaging by 2030, but the much-anticipated
legislation did not become law due to lack of votes in the California Senate.
Table 9. Recently proposed regulations in California (MacDaniel 2019; CAW 2019; Bioplastics News 2019).
Year

Law/Regulations

Description

Goal

Source

2019

Assembly Bill 792

Plastic bottles that are covered under
the state’s container redemption
program will be subject to phased-in
recycling content of 50% by 2030

Increase recycling
rate in beverage
bottles

(MacDaniel
2019)

2019

(Proposed but did not
pass)
Senate Bill 54 and
Assembly Bill 1080,
together known as
California Circular
Economy and Plastic
Pollution Protection Act
(Proposed as a ballot
measure for 2021)
California Recycling and
Plastic Pollution
Reduction Act 2020

Ensure that 75% of all single-use
plastics and packaging are recyclable or
compostable by 2030. Additionally,
reducing waste generation by 75% from
single-use packaging materials and
products

To reduce and
eliminate nonrecyclable and
non-compostable
plastic packaging

(CAW 2019;
MacDaniel
2019)

Create fee up to 1 cent for
manufactures on every plastic item
or product with plastic packaging;
collected funds would be directed
toward building recycling and
composting facilities. Also, food
vendors would be prohibited from
using Styrofoam and other foam
plastic takeout containers. It would
require manufactures to reduce (to
the maximum extent possible) the
plastic packaging and single use
products they create

To build
infrastructure for
composting and
recycling and
reduce nonrecyclable or hardto-recycle plastic
packaging

(Bioplastics
News 2019)

2020

Analysis of CalRecycle Data
(CalRecycle - California Department of Resources Recycling Recovery)
CalRecycle has been tasked by the state of California in the past 30 years to monitor disposal, recycling,
and composting in the state. The passage of AB 341 in California in 2012 established a 75% recycling
rate through source reduction, recycling, and composting by 2020 and directed CalRecycle to develop a
state-wide strategy to reach this goal.
A well-designed plastic packaging policy framework will have an established methodology to determine
what type of plastic packaging should be prioritized and what type of policy tools are optimal to achieve
the goal for each plastic packaging material listed as priority, given the specific challenges. To better
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understand how to prioritize the list of plastic packaging materials for regulations and identify appropriate
policy tools, the following have been analyzed for this study:
A) Analysis 1 is a review of the overall disposal waste stream in California by plastic material types
to determine prevalence.
B) Analysis 2 reviews the overall recyclability of various plastic packaging materials that were
identified in the 2014 California waste characterization.
C) Analysis 3 reviews the proposed general methodology by CalRecycle on how to prioritize
problematic plastic packaging materials. In addition, Analysis 3 evaluates if the most challenging
plastic packaging materials will be included in the priority list of CalRecycle given the proposed
screening criteria.
D) Analysis 4 looks at what policy tools are available and which specific policies lend themselves to
each of the top six priority plastic packaging materials discussed in Analysis 3.

Analysis I - Plastic Trends in California
CalRecycle performs periodic waste characterizations of California’s waste stream (CalRecycle 2014).
The last waste characterization completed was in 2014. Waste characterization data collected by taking
samples of waste, typically from trucks delivering waste to landfills and transfer stations from residential,
commercial, and self-haul sources. Waste types are sorted into material types like aluminum cans, plastic
bottles, or newspapers, and each material type is weighed. Additionally, samples are taken from
individual businesses to develop waste composition data for specific types of businesses (often called a
generator-based study). The 2014 waste characterization utilized both methods described (CalRecycle
2014).
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It is estimated that in 2014, about one quarter of California’s waste disposal stream was comprised of
packaging waste, with about 26% or 2.5 million tons of that being plastic packaging (CalRecycle 2014)
(Figure 24) and (Figure 25). The overall collection of plastic material in California’s waste stream
increased from 9.6% in 2008 to 10.4% in 2014 (CalRecycle 2009; CalRecycle 2015).

Figure 24. Estimated tons of packaging disposal in California in 2014 (CalRecycle 2014).
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Figure 25. Breakdown of material type identified as packaging disposal in California’s waste stream in 2014
(CalRecycle 2014).

While the rate of plastic packaging has increased, the total recycling rate has declined in California. In
2014, California’s recycling rate was 50%, but then declined to 44% in 2016 (CalRecycle 2019). The
decline in overall recycling has prevented California to reach its statewide goal of a 75% recycling rate by
2020 from being achieved.
The data derived from the CalRecycle 2014 waste characterization suggests that 10.4% or 3.2 million tons
of plastic materials were disposed in California in 2014 (CalRecycle 2014). The results highlight that
there are 10 main categories of plastic waste dominating the waste stream (Table 10). Based on detailed
waste characterization, the largest portion of the total is composite, or “remainder” plastic, which makes
up about 2.5% of the plastic waste stream. These items did not fit into any typical plastic recycling
category, nor did they bear the number 1, 2, 3, 4, 5, 6, or 7 in a triangular recycling symbol. The items in
this category often consist of plastic combined with other materials. Items such as auto parts, foam
drinking cups, foam packing blocks, packing peanuts, plastic lumber, plastic lids, cookie trays and pastry
trays are some of the items found in this category.
Materials that are categorized as “durable plastic” items include large plastic toys, furniture, plastic
houseware such as dishes, cups and cutlery. These make up about 2.2% of the plastic waste stream
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(CalRecycle 2014). “Other film” plastics such as chip bags, kitchen zip lock bags, coffee bags, newspaper
bags, frozen vegetable bags and multilayered flexible plastic materials, which have very limited recycling
markets, make up about 1.8% of the plastic waste stream. Plastic trash bags, not including plastic
shopping bags, make up 1.2% of the total plastic waste stream. The items that bear the number 1 or 2 in a
triangular recycling symbol, such as PET and HDPE containers, together make up 1.1% of the total
plastic waste stream in California. “Miscellaneous plastic containers” which bear the number 3, 4, 5, 6, or
7 in the triangular recycling symbol, or no number at all, make up 0.6% of the plastic waste stream.
Hardware, food containers like salad dressing bottles, vegetable oil bottles, yogurt cups, margarine tubs,
and clamshell-shaped fast food containers are some items included in the “miscellaneous plastic”
category.
Table 10. Composition of overall disposed waste stream in by plastic material type from 2014 California Waste
Stream Characterization (CalRecycle 2014).
Plastic Present in
California’s Total Waste
Stream in 2014
PETE Containers

Estimated
Percent
10.4%
0.6%

Estimated
Tons
3,215,943
197,202

Examples of Products/Materials

HDPE Containers

0.5%

139,189

Miscellaneous Plastic
Containers

0.6%

173,738

Plastic Trash Bags

1.2%

383,130

Plastic Grocery and Other
Merchandise Bags

0.5%

157,395

Non-Bag Commercial and
Industrial Packaging Film

0.3%

83,192

Film plastic used for large-scale packaging or transport packaging, such as
shrink-wrap, mattress bags, furniture wrap, film bubble wrap

Film Products

0.2%

73,394

Other Film

1.8%

543,476

Plastic film products used for purposes other than packaging, like agricultural
film and plastic sheeting used as drop cloths
Includes sandwich bags, food wrappers, chip bags, mailing pouches, metallized
film such as balloons, plastic food wrap, multi-layer flexible material such as
plastic coffee bags, baby food pouches with screw tops, salad dressing

Durable Plastic Items

2.2%

682,812

Plastic items #2 and #5 which are large such as crates, buckets, baskets, large
tubs, flexible flowerpots, lawn furniture, large plastic toys, toolboxes, window
sashes, frames, housing for computers or other electronics, and plastic pipes

Reminder/Composite
Plastic

2.5%

782,415

Items that cannot be put into any other category. They are mostly made of
plastics and combined with other materials. This includes auto parts, produce
trays, plastic drinking straws, foam drinking cups, plastic cups, window blinds,
new Formica, new Vinyl, or new linoleum

Type 1 plastics such as soft drink and water bottles, some liquor bottles,
cooking oil containers, food jars, pastry jars, frozen food trays, clamshell
packaging, aspirin bottles
Plastic Type 2 which might include: milk jugs, water jugs, detergent bottles,
hair-care bottles, yogurt tubs, clamshell packaging, empty vehicle and
equipment fluid containers
Plastic types 3, 4, 5, 6, 7 and containers without any recycling symbol.
Examples include hardware packaging, salad dressing bottles, clamshell-shaped
fast food containers or muffin containers, foam egg cartons, some shampoo and
vitamin bottles
Garbage can liners, not including shopping bags that might have been used to
contain trash
Includes shopping bags and dry cleaning bags but does not include produce
bags
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Key Findings Of Analysis 1 – Plastic Trends in California
•

A minimum of 1.1% and up to 3.3% of plastic items disposed in 2014, bear the number 1 or 2 in
the triangular recycling symbol.

•

Between 0.6% and 2.8% of plastic items bearing the number 3, 4, 5, 6 or 7 in the triangular
recycling symbol are found in the plastic waste stream of 2014.

•

Between 4.3% and 8.7% of plastic material in California’s waste stream is estimated to include
items that do not bear any number or the recycling symbol and therefore have limited or no
recycling options.

•

Given the methodology used for the waste characterization by CalRecycle, ten categories were
selected to breakdown the plastic materials in the waste stream. However, plastic packaging
specifically is not given its own category. Rather, plastic packaging items are included in various
categories such as “PETE containers,” “HDPE containers,” “miscellaneous plastic containers,”
“non-bag commercial” and “industrial packaging film,” “other film,” “durable plastic” items, and
“reminder/composite plastic.” As a result, it is challenging to have an exact percentage count on
all plastic packaging items in the waste stream.

Analysis 2 - The Recyclability of Various Plastic Packaging Material Identified in the California
Waste Characterization
The United States Department of Environmental Protection (EPA) defines recycling as the “process of
collecting and processing materials that would be landfilled and instead turned into new products.”
However, recycling is limited to various factors, as discussed in earlier sections of this paper (Garcia
2016). Not all of the plastic packaging collected can be recycled. Whether a plastic packaging item is
truly recyclable depends primarily on the type of plastic resin it is made of, the mixtures of resins and
additives, the technology available for sorting and recycling, the level of contamination, and the available
local collection and recycling infrastructure, as well as the international plastic recycling market (Hestin
et al. 2015; Rahimi & Garcia 2017). About 87% of plastic waste collected in the United States bears the
number 1, 2, 3, 4, 5, or 6 in the triangular recycling symbol (Rahimi & Garcia 2017). However, according
to the EPA, only a small portion is recycled (EPA 2015). The plastic types with the highest recycling
rates in the United States in 2012 were PET (with recycling triangle number 1) at 20%, HDPE (with
recycling triangle number 2) at 10%, and LDPE (with recycling triangle number 4) at 5% (EPA 2015)
(Table 11). The recycling rate (also referred to as recovery rate) for plastics with recycling triangle
numbers 3, 5, and 6 is between 0 and 1%. For plastics with recycling triangle number 7, given the
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diversity of material mixed with plastic, recovery in form of recycling is currently non-existent or
extremely limited.
Table 11. Plastic waste recovery rate in the United States in 2012 for plastic types 1-7, (Rahimi & Garcia 2017)
Recycling
Number
(triangular
recycling symbol)
1
2
3
4
5
6
7

Full Name

Polyethylene terephthalate (PET)
High-density polyethylene (HDPE)
Polyvinyl chloride (PVC)
Low-density polyethylene (LDPE)
Polypropylene (PP)
Polystyrene (PS)
Others

Currently Recyclable

Yes
Yes
No
Mostly No
Sometimes
Sometimes
No (varies and depends on type)

Recycling Rate (%)

20
10
0
5
1
1
Varies

Analysis 2
CalRecycle’s waste characterization does not provide any information on the recyclability of the listed
plastic categories in its 2014 Waste Characterization data (Table 10). Yet, in order to have some
understanding of how recyclable the listed plastic categories are, Analysis 2 is a hypothetical exercise to
determine the recyclability of the 10 plastic categories listed. Utilizing the national data on plastic
recycling (EPA 2015) as well as research papers on this topic (Rahimi & Garcia 2017; Geyer et al. 2016),
each category has been assigned a hypothetical probability of recycling rate. The underlying assumption
for this hypothetical evaluation is that contamination is a limiting factor for plastic items with the highest
recycling rate (Table 10). Also, it is assumed that current collection and sorting infrastructure have a
strong influence on how likely it is for a plastic item to be recycled.
The probability to recycle a plastic category is either yes or no if it is well known that the collection and
sorting infrastructure in general exist and contamination is assumed to be at a low level. However, for
categories where existing collection and sorting infrastructure is limited given the challenge to collect the
specific plastic categories (e.g. plastic bags), it is ranked as “mostly” with little explanation. In addition to
evaluating the probability of recycling for each plastic category, a brief description of what the recycled
item will most likely be used for is listed.

Limitations
Due to limited data on collection and sorting of various plastic categories in each region of the state, the
evaluation only grants a generalization. Also, the majority of recycling of plastic waste in the U.S. is
completed in other countries (Rahimi & Garcia 2017; Geyer et al. 2016). Therefore, the actual
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recyclability of plastic items once collected and sorted faces the vulnerability of international market
demand and supply. Additionally, the diverse range of plastic materials listed under each plastic category
by CalRecycle does not allow for detailed analysis of variance in recyclability due to the makeup of the
material. Due to these limitations, the evaluation of recyclability is generalized for each plastic category.

Key Findings of Analysis 2
While PETE and HDPE are recyclable once collected and sorted, many of the mixed plastic packaging
materials are more challenging to recycle (Table 12).
•

There is currently well-established PETE and HDPE recycling infrastructure. While
contamination has the potential to reduce the overall recyclability of the plastic items, to keep
evaluation simple for this hypothetical exercise, contamination has not been accounted for.

•

Plastic bag collection and sorting is a great challenge, even though the material itself (mostly
HDPE and LDPE) can be recycled. The light weight of plastic bags, the high likelihood of
jamming collection and sorting equipment, and high contamination rate make plastic bag not
feasible for recycling.

•

In case of film plastics used in kitchens or plastic sheets on agricultural land, the level of
contamination makes the product very challenging to recycle, even though the plastic resign can
hypothetically be recycled.

•

Mixed plastic materials are technically and economically challenging to separate, therefore there
currently are limited recycling options. Recycling plastics with recycling triangle numbers 3, 4, or
7 require more sophisticated sorting and material separation, given the multilayer and co-mixing
of various resins. This makes recycling these plastics not always available and often not
economically feasible. Therefore, plastic material bearing these numbers are sometimes recycled
and sometimes not.

Table 12. Results of Analysis 2 indicating the probability to recycle certain plastic categorize (Rahimi &
Garcia 2017).
Plastic Present in
California’s Total
Waste Stream in 2014
(Plastic Categories)
PETE Containers

Yes

HDPE Containers

Yes

Miscellaneous Plastic
Containers
Plastic Trash Bags

Probability Of Recycling

Sometimes – (but mostly no for #’s 3, 4 & 7) depending
on local recycling infrastructure and economic feasibility
(Rahimi & Garcia 2017)
Mostly made from HDPE or LDPE but difficult to collect
and recycle (fly out of bins and cling to machinery)

Uses Once Recycled

Polyester fibers, soft drink bottles, thermoformed
sheet
Bottles, grocery bags, agricultural pipes, plastic
lumber
Limited data available.
Limited data available.
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Plastic Grocery and
Other Merchandise
Bags
Non-Bag Commercial
and Industrial
Packaging Film
Film Products
Other Film
Durable Plastic Items
Reminder/Composite
Plastic

Mostly made from HDPE, or LDPE but difficult to
collect and recycle (fly out of bins and cling to
machinery)
Most film plastics are #2 or #4
No—Highly challenging to recycle due to contamination
No—Highly contaminated or mixed material
Sometimes, but often not collected for proper recycling
Mostly No – challenging to separate different materials
from each other for recycling

Limited data available. Mostly no.
Composite lumber or other composite products, but
requires special collection due to potential to clog
machinery
Limited data available.
Limited data available.
Limited data available.
Limited data available.

Analysis 3 - Methodology Proposed By CalRecycle to Determine the Priority of Packaging to Be
Addressed By Policy
On October 2017, CalRecycle held a Packaging Reform Workshop to discuss a potential comprehensive
policy framework with stakeholders (CalRecycle 2017). The packaging framework goal, as reported by
CalRecycle, was to address the packaging waste portion of the California waste stream. An estimated one
quarter of the waste stream in California in 2014 comprised of packaging-related waste (CalRecycle
2014). Fiber (such as cardboard containers, boxes, and waxed cardboards) and plastic comprise about
90% of the total packaging disposed by weight based on the 2014 Waste Characterization (CalRecycle
2017). Fiber and plastic packaging were the focus of the workshop. The background paper for the
packaging reform workshop published by CalRecycle in 2017 is the main source for the data evaluated
here.
CalRecycle determined via the Packaging Reform Workshop that their initial priority packaging materials
should include the following: PET containers, HDEP containers, plastic 3-7 containers, expanded
polystyrene, plastic thermoform, degradable plastics, film plastic, and pouches (CalRecycle 2017) (Table
13). The reasoning for these particular plastic products being selected for the first round of priority
screening was prevalence in waste stream and the unique end-of-life management challenges each type of
plastic packaging presents. In addition, CalRecycle staff evaluated the following questions (CalRecycle
2017):
a) Is the packaging material sufficiently defined to be distinct from other packaging?
b) Is data available for the screening criteria (six screening criteria which will be described next)
c) Is the packaging an emergent material?
d) Is the category reasonably sized?
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Table 13. Summary of the plastic packaging categories selected by CalRecycle in 2017, including the definition
used for each category of plastic packaging, examples, and percent composition in waste stream.
Packaging
Name
Provided By
CalRecycle

Packaging Definition Provided By
CalRecycle

Further Definition

Product
Packaging
Examples

Percentag
e
Compositi
on In
Waste
Stream
(out of
100%
California
Waste
Stream)

Aseptic containers are
sterilized packaging that
contain sterilized products.
While paper provides the
stiffness and strength of the
container, low-density
polyethylene is placed in the
inner most layer of the
package and makes the
package liquid-tight. On
average 60% of the package
is paper and 40 % is plastic
(USFDA 2019)
Lightweight, shatterresistant, often clear with
barriers to oxygen and
carbon dioxide

Apple juice,
soymilk, soup,
Tetra Pak type
containers

0.3%

Soft drinks,
water, sports
drinks, beer,
mouthwash,
ketchup, salad
dressing

0.6%

Aseptic containers
and cartons

Multi-layer packaging that contains shelfstable food products and gable top cartons.
These are usually paper-based, may be any
shape, and may include a plastic pour spout
as part of the carton.

PET containers

Clear or colored PET (polyethylene
terephthalate) containers. When marked for
identification, it bears the number 1 in the
center of the triangle symbol and may also
bear the letters PETE or PET

HDPE containers

Natural or colored HDPE (high-density
polyethylene) containers. When marked for
identification, it bears the number 2 in the
center of the triangle symbol and may also
bear the letters HDPE.

None

Motor oil jugs,
bleach bottles,
shampoo
bottles

0.5%

Plastic 3-7
containers

Plastic containers made of types of plastic
other than PET or HDPE.

None

PVC, PP, PS,
LDEP

0.6%

Expanded
polystyrene

White foam made from polystyrene.
Typically used to protect a product during
packing and transit. Colloquially known as
“Styrofoam”

None

Styrofoam

0.5%

Degradable plastics

Plastic packaging consisting of natural or a
combination of natural and synthetic
polymers. Often made from plants and often
can be broken down by microorganisms.
A package or container made of flexible or
easily yielding materials that, when filled or
closed, can be readily changed in shape.

None

PLA, PHA

0.0%

None

Shrink wrap,
sandwich
bags, food
wrappers

2.4%

Plastic pouches made of thicker, multi-layer
flexible material. May have a flat bottom so
that the package can stand up on its own,
but not always. Material is thicker than
potato chip bags and frozen vegetable bags.

None

Tortilla bags,
juice pouches,
soup pouches,
wine pouches,
soup refill
pouches

0.1%

Film plastic

Pouches
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For the second round of screening, six criteria were identified (Table 14). The first criterion is prevalence
in waste stream, which directly represents the end-of-life management and falls under CalRecycle’s
authority. “Usage trends” was included in order to evaluate the likelihood of the packaging continuing to
be prevalent in the waste stream. Given CalRecycle’s mandate to help the state of California achieve a
75% recycling goal, existing collection and processing infrastructure throughout the state were listed as
critical screening criteria. Two broader environmental criteria were included: one being whether
greenhouse gas savings through reducing, reusing, or recycling present a net savings compared to
landfilling. The sixth screening criterion entails evaluating how specific packaging potentially negatively
impacts waterways and marine environments.
Table 14. Waste related criteria used by CalRecycle in 2017 for second round of screening.
Criteria Name

Criteria Description

Waste Related Criteria
Prevalence in disposed
waste stream

Does the packaging product/product category contribute significantly to the overall waste
stream?

Usage trends

Is the product usage increasing?

Current collection
infrastructure

Is the packaging product/product category collected by California curbside programs?

Current processing
Are material recovery facilities unable to accept or rigorously sort the packaging product/product
infrastructure
category collected by California curbside programs?
Other Environmental Criteria
Greenhouse gas impacts of
recycling

Does reducing, reusing, or recycling the package product/product category represent a potential
net greenhouse gas savings compared to landfilling?

Waterway and Marine
Debris

Does the packaging product/product category contribute to trash-related water concerns or does it
negatively impact waterways and marine environments?

After the second screening for priority listing, CalRecycle determined that film plastic is the most urgent
material to address through the framework, followed by expanded polystyrene, pouches, thermoforms,
degradable plastics, PET containers, plastic containers numbered 3-7, and finally, HDPE (Table 15).
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Table 15. Ranking and screening for priority listing of plastic packaging materials by CalRecycle.
Packaging Name Provided By CalRecycle

Prioritization Ranking By CalRecycle
2017 (Scale is 10 to -10)
Highest Priority

Film plastic

5

Expanded polystyrene

3

Pouches

2

Thermoforms (e.g., PET, PVC, PS, and PLA

1

Degradable plastics (e.g., PLA and PHA)

1

PET Container

-1

Plastics 3-7 containers

-2

HDPE

-4

Lowest Priority

Analysis 3
The goal of Analysis 3 is to find out if challenging plastic packaging items will be prioritized using the
proposed CalRecycle prioritization methodology. The plastic categories identified by the 2014 California
Waste Characterization were analyzed. In order to determine the most challenging plastic packaging
materials, the following criteria are considered:
a) High prevalence in the waste stream
b) Recyclability of the material, utilizing the results of Analysis 2
c) State-wide regulation to manage the plastic category
d) Usage trend data
While the high prevalence and usage trend data are derived from CalRecycle’s publication, the
determination of recyclability is derived from the general conclusion in analysis 2. Existing statewide
regulations on plastic packaging waste are derived from the research presented in earlier parts of this
paper.

Limitations
Limitations that exist for Analysis 2, such as limited data on collection, sorting, and final fate of collected
plastic items, also exist for Analysis 3. Additionally, the limitations on data gathered by CalRecycle to
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determine prevalence as well as information on usage trend data applies to Analysis (3) as well
(CalRecycle 2017).
To rank each plastic category and determine the level of priority, each of the criteria (prevalence,
recyclability, existing regulations, usage trend data) are assigned points (Table 14). Points are distributed
as follows:
•

Prevalence below 1% gets one point, while 1-2% gets two points, and 2-3% gets three points

•

If the plastic packaging category is determined in Analysis 3 as mostly recyclable, it is assigned
one point, while non-recyclable plastic packaging gets 3 points. The assumption here is that
recyclable materials have a more sustainable end-of-life management option than landfilling or
incineration. Furthermore, it is assumed that non-recyclable plastic packaging has greater end-oflife management challenges compared to recyclable material. While collection and sorting
infrastructure might be limited in certain areas of California to fully deliver the material for
recycling, no negative point is given to a category of plastic based on technical or market
feasibility to recycle the item.

•

If there is an existing statewide regulation to address end-of-life management for the particular
waste category, the material gets zero points, while those with no regulations get one point. The
assumption here is that plastic packaging with no regulation for its waste disposal will need to be
reviewed as priority packaging.

•

High usage trend data yields one point, while medium or low usage trend data yields zero points.
The assumption here is that materials with medium or low usage trends indicate a lower
likelihood of future prevalence in the waste stream.

•

If there is no data or reliable sources available, the score for that criterion is zero.

Table 16. Results of Analysis 3 - theoretical priority ranking.
Plastic Present in
California’s Total
Waste Stream in
2014 (CalRecycle
2015)
Reminder/Composite
Plastic

Durable Plastic
Items

Examples of
Products/Materials

Auto parts, produce
trays, plastic drinking
straws, foam drinking
cups, plastic cups,
window blinds, new
Formica, new Vinyl, or
new linoleum
Large plastic items
types 2 and 5 such as
crates, buckets, baskets,
large tubs, flexible
flowerpots, lawn

Estimated
Percent
Prevalence in
Overall Waste
Stream
2.5%

2.2%

Recyclability

Existing
Statewide
Regulations

Usage Trend
Data

Priority
Rating

No (Hestin et
al. 2015;
Rahimi &
Garcia 2017)

No (CalRecycle
2019)

NA

3+3+1+0 =
7

Yes for #2
and
sometimes #5
(Rahimi &
Garcia 2017)

No (CalRecycle
2019)

High
(CalRecycle
2017)

3+2+0+1 =
6
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Other Film

Plastic Trash Bags

PETE Containers

Miscellaneous Plastic
Containers

HDPE Containers

Plastic Grocery and
Other Merchandise
Bags

Non-Bag
Commercial and
Industrial Packaging
Film

Film Products

furniture, large plastic
toys, toolboxes, window
sashes, frames, housing
for computers or other
electronics, and plastic
pipes
Includes sandwich bags,
food wrappers, chip
bags, mailing pouches,
metallized film such as
balloons, plastic food
wrap, multi-layer
flexible material
Garbage can liners, not
including shopping bags
that have been used to
contain trash

2.4%(CalRecycle
2017)

No (Rahimi
& Garcia
2017)

No

High
(CalRecycle
2017)

3+3+1+1= 8

Yes but very
challenging
to collect and
sort for
recycling
(Rahimi &
Garcia 2017)
Yes (Rahimi
& Garcia
2017)

No

NA

2+1+1+0 =
4

No

High
(CalRecycle
2017)

1+1+1+3= 6

0.6%
(CalRecycle
2014 & 2017)

No (Though
sometimes
yes for #5 &
#6) (Rahimi
& Garcia
2017)

No

High
(CalRecycle
2017)

1+3+1+1= 6

0.5%
(CalRecycle
2014 & 2017)

Yes (Rahimi
& Garcia
2017)

No

High
(CalRecycle
2017)

1+1+1+1= 4

0.5%
(CalRecycle
2014)

Yes, but very
challenging
to collect and
sort for
recycling
(Rahimi
&Garcia
2017)
No (Rahimi
& Garcia
2017)

No

NA

1+1+1+0= 3

No

NA

1+3+1+0= 5

Yes, but very
challenging
to collect and
sort for
recycling

No

NA

1+1+1+0= 3

1.2%
(CalRecycle
2014)

Type 1 plastics such as
soft drink and water
bottles, some liquor
bottles, cooking oil
containers, food jars,
pastry jars, frozen food
trays, clamshell
packaging, and aspirin
bottles
Plastic types 3, 4, 5, 6, 7
and containers without
any recycling symbol.
Examples include
hardware packaging,
salad dressing bottles,
clamshell-shaped fast
food containers or
muffin containers, foam
egg cartons, some
shampoo and vitamin
bottles
Type 2 plastic including
milk jugs, water jugs,
detergent bottles, hair
care bottles, yogurt
tubs, some clamshell
packaging, empty
vehicle and equipment
fluid containers
Includes shopping bags,
and dry cleaning bags;
does not include
produce bags

0.6%
(CalRecycle
2014 & 2017)

Film plastic used for
large-scale packaging or
transport packaging,
such as shrink-wrap,
mattress bags, furniture
wrap, and film bubble
wrap
Plastic film products
used for purposes other
than packaging, like
agricultural film and

0.3%
(CalRecycle
2014)

0.2%
(CalRecycle
2014)
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Pouches

plastic sheeting used as
drop cloths
Plastic pouches made of
thick, multi-layer
flexible material, like
coffee bags, juice
pouches, soup pouches,
salad dressing, excludes
thinner layered
packaging such as chip
bags, tortilla bags, or
zipper storage bags

0.1%
(CalRcycle
2017)

(Rahimi &
Garcia 2017)
No (Rahimi
& Garcia
2017)

No

High

1+3+1+1= 6

Key Findings of Analysis 3
The result of Analysis 3 was that six of the plastic waste categories listed in the 2014 Waste
Characterization by CalRecycle were not ranked at all by the CalRecycle Plastic Packaging Reform
Workshop in 2017. The five remaining plastic categories listed in the California Waste Characterization
were ranked from 0 to 10 for CalRecycle’s plastic packaging reform workshop. The five categories were
“other film,” “PETE containers,” “pouches,” “miscellaneous plastic containers,” and “HDPE containers.”
However, three out of five plastic categorizes ranked in analysis 3 and CalRecycle Methodology for the
2017 workshop resulted in different prioritization (Table 17).
•

One area of overlap and agreement with CalRecycle and Analysis 3 of this study is that in the
category of “other film” or “film plastics.” Both methodologies resulted in this type of plastic
receiving the highest ranking for prioritization. This is mostly due to its strong prevalence, nonrecyclability, and increasing trend in the market for plastic packaging.

•

Another area of close overlap was in the category of “pouches.” Analysis 3 and CalRecycle
prioritization rank this category of plastic packaging as high priority. However, Analysis 3 in this
study rates this category higher than CalRecycle’s methodology. This is potentially due to
inclusion of the non-recyclability factor in this paper.

•

For “HDPE containers,” which bear the #2 recycling number, this paper’s Analysis 3 ranks it as a
4, whereas CalRecycle ranks it as a negative 4, placing it at the very bottom of prioritization list.
The low ranking by CalRecycle is primarily due to the plastic’s low prevalence and a wellestablished collection and sorting system. But considering the increasing trend of this product in
the market and the fact that it is not regulated, the methodology used by this paper ranked it in
mid-range for prioritization.
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•

“Miscellaneous plastic containers” or plastics numbered #3-7, received a high prioritization rating
via the analysis 3, but received a low prioritization rating from CalRecycle. The limited
recyclability of many of the plastic products in this category, lack of regulations, and a growing
trend in the waste stream are responsible for this high rating. CalRecycle’s methodology does not
consider the recyclability aspect for this category and therefore ranks it low on its list of
priorities.

Table 17. Comparison between CalRecycle’s priority rating and Analysis 3 priority rating.
Plastic Present in California’s Total Waste Stream in
2014 (CalRecycle 2015)
Other Film
Reminder/Composite Plastic
Durable Plastic Items
PETE Containers
Pouches
Miscellaneous Plastic Containers
HDPE Containers
Plastic Grocery and Other Merchandise Bags
Non-Bag Commercial and Industrial Packaging Film
Plastic Trash bags
Film Products

Priority Rating by
This Paper, Analysis
3
8
7
5
5
5
5
4
4
4
4
3

Priority Rating by CalRecycle in
2017
5
Not Rated
Not Rated
-1
2
-2
-4
Not Rated
Not Rated
Not Rated
Not Rated

It is worth noting that the current methodology proposed by CalRecycle does not include some types
of plastic packaging that have high prevalence in California’s waste stream.
•

“Remainder/composite plastics” was not included by CalRecycle, while it ranked second highest
using this study’s methodology. CalRecycle did not give any written reasoning for excluding this
category from their priority listing. Perhaps it is challenging, given the variability of products in
this category and limited waste categorization data available from 2014. A more detailed
breakdown of this category would be useful in rating targeted items within it.

•

Similarly, “non-bag commercial,” “industrial packaging film,” “film products,” and “plastic trash
bag” categories were not ranked by CalRecycle for prioritization. This might be since the material
itself is recyclable. Moreover, California’s SB270 Reusable Grocery Bag Law (a ban on
single-use carryout plastic grocery bags) as well as a reusable grocery bag program, were
created to help address this challenge. The methodology used by this study places these three
plastic categories in mid-range priority status, though it did not account for the level of collection
and sorting for prioritization.
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Analysis 4 - Review Policy Options and Evaluate What Specific Policy Tool(S) Would Be Most
Appropriate for the Top Six Prioritized Plastic Packaging Waste Categories
The next important step, after determining what plastic packaging materials should be addressed in the
statewide policy framework, is to review specific policies appropriate for the priority list. Here the
assumption is that CalRecycle has the legislative authority to regulate all plastic packaging through
legislative processes and can help advise on policy tools, provide oversight, and be involved in
enforcement.
Analysis 4 looks at what types of policy options are available for the top three prioritized items by
CalRecycle and the top three prioritized items from Analysis 3. The evaluation will help narrow down the
appropriate policy tools for prioritized plastic packaging materials. It also will help determine any
potential overlap in policy options, which makes an even stronger case to consider policies that can
address multiple prioritized plastic packaging materials at the same time.

Background
There is a long list of policy tools under consideration by CalRecycle to help manage plastic packaging
waste via a plastic packaging policy framework (CalRecycle 2017). There are various policy tools under
consideration by CalRecycle (Table 18). The category “tax break” has been added by this study to the list
of CalRecycle policy tools. Each policy tool also has pros and cons (Table 19).
Table 18. Policy tools under consideration by CalRecycle for plastic packaging framework, with “tax
break” category being an addition made by this study.
Policy Tool Name

General Description Of Policy Tool

Packaging Product Sales Ban

This policy would prohibit the sale and distribution of certain types of
packaging. This tool could be utilized for products that are not recyclable
or that contaminate recycling, or for packaging materials that are
expensive to collect, sort, or recycle.

Statewide Standard List Of Recyclable And
Compostable Packaging

Recycling and composting is very localized as there are no statewide
standards established in California on what is recyclable or compostable.
By establishing a standard list of recyclable and compostable packaging
across the state, it would set a minimum list of acceptable materials.

Labeling Requirements

This policy would require that certain information appears on the labels of
all plastic packaging. The goal is to provide information to consumers on
recycling or how to properly dispose of the material in California.
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Recyclable and Compostable Design

With this policy in place, a certain standard on recyclability and/or
composability of plastic packaging would be established for all plastic
packaging sold and distributed in California.

Minimum Postconsumer Recycled Content
Requirement

This policy would require that plastic packaging material that is to be sold
or distributed in California has a minimum postconsumer recycled content.

Pay-As-You-Throw (PAYT)

Deposit System

To support source reduction, variable disposal rates are set. Per this
model, the greater the generation of plastic packaging waste, the higher
the cost for disposal.
Require consumers to pay an up-front deposit at the time of purchase.
Once the plastic packaging product is brought back to a point of
collection, the deposit is redeemed.

Source Reduction Of Packaging

The requirement would include manufacturers and brand owners to reduce
weight, volume, or quantity of plastic packaging relative to a baseline.
This policy could also require reusable plastic packaging for
transportation, storage or to-go containers.

Producer Responsibility

This policy would involve many forms of responsibilities such as: product
manufacturers and brands holding full or partial financial/physical
responsibility for managing post-consumer plastic packaging materials. It
would also require producers and all entities involved in the product chain
to hold shared responsibility for the end-of-life management.

Landfill Ban On Recyclable And Compostable
Materials

This would prohibit recyclable and/or compostable packaging from being
landfilled.

Increase landfill tipping fee

Tax Breaks

Advanced recycling fee

To create general economic incentives to recycle rather than dispose of
items into landfill, the cost of each ton of material disposed would be
increased.
Exercise no tax on the sale and distribution of reusable packaging
material, as to grow innovation and implementation of reusable packaging.
Recycling fees are assessed for materials based on their environmental
impact and cost of disposal. Hard-to-manage materials would face higher
fees than easily handled items.
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Table 19. Pros and cons of policy tools identified during stakeholder engagement process at CalRecycle’s 2017
Plastic Packaging Framework Workshop.
Policy Tool Name
Packaging Product Sales Ban

Pros
•
•
•

Directly targets problematic materials
Strong enforcement mechanism
Strong market signal against certain
packaging materials

Cons
•
•

•
Statewide Standard List of
Recyclable and Compostable
Packaging

•

Labeling Requirements

•
•

•

•
Recyclable And
Compostable Design

•
•
•

Minimum Postconsumer
Recycled Content
Requirement

Pay-As-You-Throw (PAYT)

•
•
•
•

•
•
•
•
•

Deposit System

•
•
•
•

Source Reduction of
Packaging

•
•
•

Producer Responsibility

•
•
•

Creates consistency in materials
management
Encourages development of markets

•

Provides clear consumer information
Low-cost method to provide better
education and to help improve quality of
collected material
Reduces contamination in recycling and
compost streams/cost of removal
Creates consistency in materials
management
Encourages development of markets
Reduces processing costs for recyclers
and composters
Creates demand for recycled feedstock
Decreases reliance on virgin material
Direct link to supporting markets
Requires action from multiple entities in
supply chain

•

Policy driver for decreasing disposal
overall
Pairs well with other approaches
Provides financing mechanism to handle
disposal
Largely compatible with existing
infrastructure
Requires consumer engagement

•
•

Effective tool for producing clean
streams of material
Incentivizes consumer to recycle
Proven to increase recycling rates and
reduce litter/marine debris
Provides financial support to build
infrastructure and markets
Addresses packaging design and
development
Consistent with the state’s waste
management hierarchy
Shared responsibility, including
consumers
Critical but focused role for state
government if a results-based program
Larger role for producers, with
incentives for industry to keep costs low
Provides consistency across the state for
accepted materials

•
•

•
•
•
•
•
•
•

•
•
•
•
•
•
•

•
•

•
•

Can only be applied to a narrow range of
packaging materials
Would require specific criteria to
determine ban, based on toxicity, lack of
recyclability, or failure to meet other
goals
Could drive manufacturers to other
materials with undefined consequences
May require changes to current
infrastructure
No responsibility for manufacturers
Many composting facilities screen out all
plastic packaging, even if compostable
Requires some consistency across
collection infrastructures to be most
effective
Labels such as “not recyclable” or “check
locally” might negatively affect
marketability
Requires sufficient flexibility to adapt to
innovation
Difficult to identify industry-wide
processing criteria for different
composting and recycling systems
Requires adequate supply and quality of
recycled feedstock
Poses challenges for meeting aesthetic
criteria
Technical challenges
May require changes to current
infrastructure
Not specific to packaging
Does not address front-end packaging
issues
Potential for unintended consequence of
increasing contamination in recycling
Statewide requirement for local
jurisdictions
No responsibility for manufacturers
No link to recycling markets
Places primary responsibility on
consumer
Significant risk of fraud
Challenging to implement across all
material types

Requires careful baselining so as to not
penalize early adopters
Challenging to measure

Could create an incentive for the
stewardship organization to keep
recycling rates low
Low-cost collection does not always
result in highest and best use of collected
materials
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•

Can include requirements for market
development and public education

•
•
•

Landfill Ban on Recyclable
and Compostable Materials

Increase Landfill Tipping
Fee

•
•

Consistent with ultimate goal
Increases consumer awareness of
materials accepted for recycling and
composting

•

•

Policy driver for decreasing disposal
overall by making recycling more
comparable in cost
Pairs well with other approaches

•
•

•
Tax Breaks

•
•
•

Advanced Recycling Fee

•
•

Encourages innovation
Increases implementation of
reusable packaging
Policy driver for decreasing
disposal by making recycling
more comparable
Provides a direct funding mechanism to
handle and incentivize management of
material
Provides a visible fee that relates to
recyclability

•
•
•
•

•
•
•
•

•

May require changes in collection
infrastructure
Impacts a significant number of
stakeholders
Fewer known factors as to how a
program would be designed and operated
Does not address upstream packaging
issues
No responsibility for manufacturers
No link to recycling markets
Problematic to enforce
Places primary responsibility on local
jurisdictions
Significant risk of increasing illegal
dumping and littering
Not specific to packaging
Does not address upstream packaging
issues
No responsibility for manufacturers
No link to recycling markets
Loss of local sales tax benefits
No link to manufacturers of
plastic packaging

Places primary responsibility on
consumers

Analysis 4
Film plastic – To ensure reduction of plastic materials with high prevalence and low recyclability, a
comprehensive policy approach is needed. The overall approach should include educating consumers and
charging consumers for purchasing the product, while at the same time phasing out the film plastic
packaging product altogether over a few years. These policy tools should include labeling requirements to
provide clear consumer information, in order to help reduce material use and statewide proper collection
of film plastic. But given that the majority of film plastics are contaminated due to contact with food,
even with better financing of recycling collection and sorting, the core issue remains, which is that the
film plastic packaging material is not recyclable due to contamination.
Perhaps the most powerful tool would be banning the sale and distribution of film plastic. This could also
spark innovation in design of more sustainable packaging. However, in order to make sure the next
material to replace film plastic does not pose similar challenges, a comprehensive mandatory evaluation
of reusability, recyclability, and composability of packaging material must be introduced as an umbrella
policy. There are specific challenges film plastic poses, and a short list of potential policy tools that could
be used to help film plastic in the waste stream (Table 20).
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Table 20. “Film plastic” specific end-of-life challenges and policy options.
Plastic
Packaging
Priority List By
CalRecycle
Film plastic

Specific Challenges

•
•
•
•
•

Low weight and high volume material which requires a lot of volume to
make it economically feasible to collect and transport for recycling
Often used in transporting food which leads to contamination and reduces
the possibility of recycling
Outside curb collection lead to high contamination of the product as well
Curb side collection of this material lead to significant damages to
machinery and sorting equipment
The wide variations of single plastic film means there is no single
recycling solution for all the materials in this category. This mix blend of
various plastic resins creates challenges for separating and recovering the
materials for recycling

Policy Tool
Options

•
•
•

Labeling
requirements
Pay-as-youthrow
Product sales
ban

“Expanded polystyrene,” also referred to as Styrofoam, has a high cost and low recycling feasibility.
Regulating this material will most likely require a combination of tools. The overall approach could
include educating consumers and charging consumers for purchasing the product, while at the same time
phasing out the expanded polystyrene product packaging over the course of a few years. A full sales and
distribution ban on this packaging material would strengthen and/or compliment over 120 local
ordinances throughout California that have restricted the use of polystyrene in food service items and
some packaging and shipping items (CAW 2019). Introducing a statewide ban on this product would
reduce the complexity of local requirements that manufacturers and businesses need to navigate. A ban on
the product would also spur innovation in designing a more sustainable material to replace it (Table 21).
Table 21. “Expanded polystyrene” specific end-of-life challenges and policy options.
Plastic
Packaging
Priority List By
CalRecycle
Expanded Polystyrene

Specific Challenges

•
•
•
•

Low-weight, bulky, easily fractured, and can become airborne. This
material requires a high volume to make it economically feasible to collect
and transport for recycling
Often used as foam in packaging, but also used widely in serving food,
which contaminates the material for recycling
Too bulky and delicate to collect in curbside collection
Due to it easily becoming airborne and easily being fractured, this product
significantly contributes to marine debris and littering of the environment.

Policy Tool
Options

•
•
•

Labeling
requirements
Pay-as-youthrow
Product sales
ban

“Pouches”—thicker, multi-layered flexible material such as coffee bags, juice pouches, and soup pouches
are challenging to recycle (CalRecycle 2017; Rahimi & Garcia 2017). The separation of multilayered and
different materials fused together is necessary in order to recycle the plastic content. Additionally, given
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pouches are often used to carry food, the contamination rate is very high and the probability of true
recycling is very low. The use of pouches in packaging is on a steady rise (CalRecycle 2017) while no
sustainable option presents itself yet to deal with the resulting waste stream. Similar to expanded
polystyrene and film plastic, perhaps the most powerful policy tool for this material would be banning the
sale and distribution of it (Table 22). This could also spark innovation in the design of more sustainable
packaging. The most helpful innovation in pouches would be the elimination of multilayered packaging
material, and/or the elimination of odd shapes so that it can be better recognized by sorting equipment and
therefore be properly sorted and recycled. Yet the challenge of contamination would still be significant.
Table 22. “Pouches” specific end-of life challenges and policy options.
Plastic
Packaging
Priority List By
CalRecycle
Pouches

Specific Challenges

•
•
•

•

Very challenging to sort with existing recycling infrastructure due to their
shape
During collection and sorting, the pouches, which are often not clean,
contaminate paper fiber in the waste stream and reduce paper recyclability
as well
They are often multi-layered with various plastic resins or even mixed with
non-plastic material. Separation of material is necessary in order to recycle
the plastic content. However, separation processes are still limited (need
source) and if they do exist, are economically unfeasible
Are a rapidly growing plastic packaging product overwhelming waste
collection facilities that have no ability to recycle them

Policy Tool
Options

•
•
•

Labeling
requirements
Pay-as-youthrow
Product sales
ban

“Remainder/composite plastic” mostly includes materials made of plastic in combination with other
materials. Due to a lack of a detailed description for this category of material by CalRecycle, it is very
challenging to determine what type of plastic packaging is included in this category and what its unique
challenges are. As mentioned in Analysis 2, this category was not listed by CalRecycle for priority listing.
However, “remainder/composite plastic” has a high prevalence of 2.5% in the California waste stream
(CalRecycle 2014). Per CalRecycle’s description, these materials are challenging to recycle. Therefore, it
is assumed that a majority of the plastic packaging items listed under this category are hard to collect and
are mostly not recyclable. Requiring labeling of the plastic packaging items so that consumers are aware
of recyclability would be a step forward. Informed consumers could make decisions about their purchases
as well as improve their sorting. Imposing an advanced recycling fee on these packaging materials could
help increase recycling rates, as well as help fund better collection and sorting infrastructure state-wide
(Table 23). With a mandatory advanced recycling fee, distributors and sellers would pay a recycling fee
per unit of plastic packaging distributed. The fee collected would be directed to improve collection and
sorting of the material. The fee structure could impose higher fees for hard-to-manage materials than for
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those easier to handle. Yet the ultimate goal of sustainable waste management is to divert landfill material
for reuse and recycling. Requiring the design of reusable, recyclable, and/or compostable items can spur
innovation as well as help reduce the prevalence of products designed for landfill or incineration.
Table 23. “Remainder/composite plastic” specific end-of-life challenges and policy options.
Plastic
Packaging
Priority List
Provided By
This Paper
Remainder/composite
plastic

Specific Challenges

•

•

Items that cannot be put into any other category. These are mostly made of
plastics combined with other materials, such as produce trays, plastic
drinking straws, foam drinking cups, and plastic cups. A variation of
plastic packaging is included in this category, but due to lack of specificity
and categorization of plastic packaging, it is difficult to identify specific
challenges
Can be challenging to collect with curbside collection systems due to
variation of material and lack of recycling numbering

Policy Tool
Options

•
•
•

•

Labeling
requirements
Advanced
recycling fee
Recycling and
compostable
design
requirement
Product sales
ban

“Durable plastics” are composed mostly of plastic combined with other materials, similar to
reminder/composite plastic. Items such as crates, buckets, baskets, large tubs, flexible flowerpots, lawn
furniture, large plastic toys, frames, and housing for computers or other electronics are some of the items
listed in this category by CalRecycle (CalRecycle 2014). Yet again, due to a lack of detailed descriptions
of material encompassing this long list, it is challenging to determine what types of plastic packaging are
included and what their unique challenges are. Also, as mentioned in Analysis 2, this category was not
included by CalRecycle as high-priority. “Durable plastic” has a high prevalence of 2.2% in the
California waste stream (CalRecycle 2014). Per CalRecycle’s description, these materials are challenging
to collect and recycle (Table 24). Therefore, it is assumed that majority of plastic packaging items listed
under “durable plastic” are hard to collect and are mostly not recyclable. Similar to “composite plastic,”
requiring labeling of the “durable plastic” items and informing consumers whether they are recyclable
would be beneficial. Additionally, a mandatory advanced recycling fee on these packaging materials
would help increase the recycling rate as well as help fund better recycling collection and sorting
infrastructure state-wide. With a mandatory advanced recycling fee, distributors and sellers would pay a
recycling fee per unit of plastic packaging at the point of distribution. The fee collected would be directed
to improve collection and sorting of the material. The fee structure could impose higher fees for hard-tomanage materials than those easier to handle. But true long-term solutions to divert these products away
from landfills would require reuse, recycling, or a compostable design. Phasing in bans on the sale of nonreusable, non-compostable or non-recyclable items would, in combination with aforementioned policies,
reduce these mixed plastic materials that are only destined for landfill or incarnation.
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Table 24. “Durable plastic items” specific end-of-life challenges and policy options.
Plastic
Packaging
Priority List
Provided By
This Paper
Durable plastic
items

Specific Challenges

•
•
•
•

Very challenging to collect with curbside collection systems due to their
large and unusual shapes
Mostly are recyclable #2 and #5 plastics with existing recycling
infrastructure for #2 but limited for #5
Consists of a diverse range of items with variance in shape, size, weight
and color, and would need more sophisticated sorting infrastructure to
collect and sort
Items such as crates, buckets, baskets, large tubs, flexible flowerpots, lawn
furniture, large plastic toys, toolboxes, window sashes, frames, housing for
computers or other electronics, and plastic pipes, due to their odd shapes
and sizes have limited collection and sorting infrastructure.

Policy Tool
Options

•
•
•

•

Labeling
requirements
Advanced
recycling fee
Recycling and
compostable
design
requirement
Sales ban

“Miscellaneous Plastic Containers” mostly includes plastic types 3, 4, 5, 6, 7, and containers without any
recycling symbol. Examples include hardware packaging, same clamshell-shaped fast food containers or
muffin containers, foam egg cartons, and some shampoo and vitamin bottles (CalRecycle 2014). This
category had a prevalence of 0.6% in California’s waste stream in 2014 and has seen a strong growing
trend (CalRecycle 2017). Yet, miscellaneous plastic containers encompass many types of plastic
packaging materials, including items with no or limited recycling options. This category did make it on
CalRecycle’s high-priority list but was not listed as “urgent.” Yet the recycling rate for plastics with
numbers 3, 4, 5, 6, and 7 is between 0-5% (EPA 2015; Hestin et al. 2015; Rahimi & Garcia 2017). There
are also limited recycling options for plastic packaging in this category with no recycling number.
Moreover, plastic packaging under “miscellaneous plastic containers” is often contaminated as it has been
in contact with food—such as salad dressing containers or some clamshell-shaped fast food containers.
Therefore, even if there were recycling infrastructure for most of the containers, the contamination level
would result in low recycling rates or not very valuable recycled plastic (Rahimi & Garcia 2017) (Table
25). Requiring companies to design reusable and compostable containers if the packaging will come into
contact with any food product would be a more valuable policy than advancing recycling. A ban on
plastic packaging materials that have so far proven to be limited in recycling options (such as products
bearing the recycling number 3, 4, 5, 6, and 7) would also be a great step forward in eliminating future
challenges.
Table 25. “Miscellaneous plastic containers” specific end-of-life challenges and policy options.
Plastic
Packaging
Priority List

Specific Challenges

Policy Tool
Options
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Provided By
This Paper
Miscellaneous plastic
containers

•
•
•

Challenging to sort due to contamination and/or no numbering
Contamination due to food storage is a common challenge
Recycling options (technical and economical) for all types of #3, 4, 5, 6,
and 7 vary

•
•

•

Labeling
requirements
Requirement
to design for
reuse and
composting
Ban on sale

Key Findings of Analysis 4
For the six categorizes selected for prioritization (three by CalRecycle and three by this study) the same
policy tools can be utilized (Table 24). Specifically, a labeling requirement to inform consumers, and a
ban on sales and distribution of items that are mostly designed for landfill and incineration, are the two
policies that can be applied to all six categories. A plastic packaging policy framework that includes
labeling requirements, pay-as-you-throw systems, product sale bans, design requirements for reuse,
recycling and/or composting, as well as advanced recycling fees, would be a strong package of policy
options.
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Table 26. Potential policy options for top six plastic packaging categories.
Plastic Packaging Name

Prioritization of Policy Options

Film Plastic

•
•
•

Labeling requirements
Pay-as-you-throw
Product sales ban

Expanded Polystyrene

•
•
•

Labeling requirements
Pay-as-you-throw
Product sales ban

Pouches

•
•
•
•
•
•

Labeling requirements
Pay-as-you-throw
Product sales ban
Labeling requirements
Advanced recycling fee
Recycling and compostable design
requirement
Product sales ban
Labeling requirements
Advanced recycling fee
Recycling and compostable design
requirement
Product sales ban

Remainder/Composite Plastic

Durable Plastic Items

•
•
•
•
•

Miscellaneous Plastic

•
•
•

Labeling requirements
Reuse and composting design
requirements
Product sales ban
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Discussion and Conclusion
Diverse plastic packaging materials have created a heterogeneous waste stream often hard to collect, sort,
reuse, or recycle. Given the diverse range of plastic packaging, a single-policy approach to address the
end-of-life management challenges may not provide the best solution. However, a policy framework for
regulating plastic packaging could provide the needed structure to guide decision makers in California to
develop legislation to address the management of the challenging plastic packaging materials in our waste
steam.
A policy framework establishes a set of procedures or goals (UNEP 2016). These agreed upon goals are
then used in decision making to guide a more detailed set of policies. The first step of developing a policy
framework is to identify the need. Next, it is important to identify who will be the authority or lead
agency to develop and implement policies. Once information is gathered on the subject, and stakeholders
are consulted for their input, proposed policies or procedures are introduced. After policies are approved,
the process of implementation begins. CalRecycle started the discussion of establishing a California
Plastic Packaging Policy Framework in 2014 and later continued in 2017 including a public workshop.

Management Recommendations for CalRecycle
The waste characterization provided by CalRecycle has limitations in properly addressing end-of life
management of plastics, and in particular, plastic packaging. Therefore, the following management
recommendations are suggested for CalRecycle’s consideration:

Recommendation 1
CalRecycle should assign plastic packaging its own category in future waste characterization studies.
Given the growing trend of plastic packaging and end-of-life management challenges, it would be
valuable for CalRecycle to assign plastic packaging its own category in waste characterization studies.
Additionally, the category should provide a further breakdown of types of plastic packaging items, so that
baseline information for end-of-life management can be identified.

Recommendation 2
CalRecycle should define recycling and recycling rate for waste stream identified in the Waste
Characterization. It is challenging to provide a public discussion about what should happen to certain
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waste stream material if we have not defined what the end-of-life options are and define them as such (i.e.
80% recyclable or 10% recyclable plastic packaging material).

Recommendation 3
CalRecycle should design a policy targeted at non-recyclable plastic packaging material. Given that an
estimated 4.3% to 8.7% of the waste stream (CalRecycle 2014) is composed of plastic that has limited or
no recycling option, the plastic packaging framework should critically review policies formulated to
increase recycling of plastic materials or increasing recycling content like the proposed Senate Bill 54 and
Assembly Bill 1080, which aimed at ensuring 75% of all single-use plastics and packaging are recyclable
or compostable by 2030. As discussed earlier in background section of this paper, recycling a plastic
clamshell or muffin container does not come back as the same material but often is downcycled into a
different products mixed with other fibers. It might come back as part of a carpet or clothing. That
specific carpet or clothing which is mixed material, can no longer be recycled, given the mixture of
different fibers. The true end-of life option is either landfill or incineration. In addition, there are concerns
about metal contamination or some potential exposure to toxic substances in recycled food containers
(Ebnesajjad 2013; Eriksson et al. 2018). Given the uncertainty in health safety and existing food
packaging regulations (FDA 2019), using recycled containers might be just a wishful recycling.

Recommendation 4
CalRecycle should prioritize plastic packaging categories of “other films” and “pouches.” Both
categories have a strong prevalence and very challenging end-of-life management with limited options for
recycling and reuse.

Recommendation 5
Expand the list of prioritized plastic packaging to include highly prevalent plastic items in waste
characterization studies. This will be important if the ultimate goal is to increase the state’s diversion rate.

Recommendation 6
In the longer term, CalRecycle should consider banning the sale of non-recyclable or waste material with
a low recycling rate, and certain problematic plastic packaging. Given the limited alternatives to plastics,
especially in the food packaging industry, an immediate ban will not be practical. However, a long-term
and foreseeable sales and distribution ban on these types of products can send appropriate signal to the
market. Designers and manufactures will know of what the state of California is willing to accept in few
years and hopefully it will spur innovative packaging options which are reusable and compostable.
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However, it is necessary for regulators to foresee what kinds of replacement might enter the market and
potentially bring similar or worse end-of-life management challenges. Setting a wide umbrella policy to
ban the introduction of future plastic packaging products without a market-proven recycling or
composting option, will give a good foundation for future management of plastic packaging materials.
About 27 countries around the world have introduced some type of ban on these problematic plastic
packaging. California will not be alone in asking the packaging market to start inventing sustainable
materials.

Recommendation 7
Consider pay-as-you-throw (PAYT) policy to help spur reduction in demand for problematic packaging
materials. Packaging materials which to have are used for a very brief period once before disposal with
limited sustainable waste management options should be considered for PATY policy. The collected fee
should be directed to fund innovation in reusable packaging systems.

Recommendation 8
Consider an advanced collection fee for periodized packaging material as a monetary policy tool to
require sellers and distributers of plastic packaging material to pay a fee for each item sold or distributed
in California. A very similar proposition has been proposed as a California Ballot measure for 2020.

Recommendation 9
There are currently no minimum design requirement for plastic packaging in California. No matter how
complicated the packaging is to separate or sort, or how non-recyclable the product is, one is allowed to
sell and distribute such products across the state. A minimum design requirement would allow
CalRecycle to set direction for preferred types of packaging which have state-wide collection and sorting
infrastructure. In addition, design requirements in combination with reduced fee or tax breaks for
reusable packaging material/systems can spur sustainable packaging growth in California.

Recommendation 10
CalRecycle should consider policy tools which will compliment local regulations in place to address
plastic packaging. A statewide umbrella to support such local efforts such as the growing single-use food
containers ordinances will not only support sustainable choices across the state, it will also allow supplies
to provide options which are applicable across the whole state versus dealing with many individual
regulations. Also, CalRecycle should consider the policy framework to be guided by the UNEP Pyramid
of Solutions for plastic waste stream (see Figure 10).

82

It is not common to simultaneously introduce many of policies to address one product. However, as this
paper has asserted, management of such diverse packaging materials is quite challenging. Piecemeal
approaches will only postpone solving the problem or simply landfilling the material. A comprehensive
framework calls for strong policy tools to demand the marketplace provides reusable, compostable and
truly recyclable products. A well-developed and comprehensive California plastic packaging
framework can help address the end-of-life challenges by managing the design of plastic
packaging (feedstock of material), labeling to increase the recyclability of plastic packaging,
setting a statewide standard for acceptable recyclable packaging, incentivizing source reduction,
and spur product manufacturers to take financial responsibility for their products ‘end-of-life
management. Durability of plastic packaging in waste streams and landfills ensures that
wherever it is, it does not go-away, meaning by plastic packaging in landfill we may simply be
storing a problem for the future.
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